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Abstract 
 
Glucose is used extensively in the food industry, often sold as a bulk ingredient or as an ingredient in 
powdered drink and dessert mixes.  Commercially, glucose is crystallized as either α-anhydrous glucose 
(α-AG) or glucose monohydrate (GM).  The β-anhydrous glucose (β-AG) form is also possible, but is more 
difficult to crystallize and not sold as an ingredient.  Conversion between the anhydrous and 
monohydrate structure may occur during long-term storage, however, hydrate formation and loss 
parameters of glucose were not found in the current literature.  As crystalline materials, α-AG and GM 
are considered reasonably stable during storage below their literature reported deliquescence points 
(RH0) of 89-91%RH and 91%RH, respectively, at 25°C.  However, many other crystalline sugars, such as 
sucrose, have been observed to cake below their RH0.  The flowability of ingredients is a top priority in 
the food industry, since unacceptable or caked product will result in lost production time and decreased 
customer satisfaction.  Thus, it is important to determine the chemical and physical stability of α-AG and 
GM during storage. 
This research investigated hydrate formation in α-AG and hydrate loss in GM.  Under dynamic 
conditions, hydrate formation occurs before deliquescence in both α-AG and GM.  Therefore, this 
research introduces a new term, dynamic deliquescence (RH0d), to report deliquescence influenced by 
additional water-solid interactions, such as hydrate formation, under dynamic conditions.  To enhance 
stability, GM is dried during production to a moisture content below its full stoichiometric monohydrate 
moisture content, and therefore hydrate formation is still possible in GM.  Furthermore, X-ray powder 
diffraction detected a small amount of β-AG in the commercially available GM samples.  Hydrate 
formation under equilibrium conditions occurs in α-AG at 68%RH and hydrate loss occurs in GM at 
11%RH at 25°C.  Hydrate formation is possible during storage at 64%RH, however, the conversion is very 
slow and beyond the realistic time frame for the industrial storage of glucose.  Hydrate formation in α-
AG and hydrate loss in GM both follow random nucleation and diffusion mechanisms during α-AG 
equilibrium storage at 75, 80, and 85%RH at 25°C and GM equilibrium storage at 0%RH and 35, 40, and 
45°C.  Raman spectroscopy was used to confirm these mechanisms and was introduced as a new tool for 
such analysis. 
Since caking is a major problem in powdered ingredients, the physical stability of α-AG and GM was also 
studied in this research.  Using a qualitative caking scale from free flowing with minimal clumping (1) to 
fully caked (5), the stability of α-AG and GM during relative humidity storage at 25°C was investigated.  
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The critical relative humidity for caking was determined to be 68%RH for ‘as-is’ α-AG and 53%RH for ‘as-
is’ GM.  Deliquescence was not observed during the storage of α-AG and GM from 0 to 84%RH, 
therefore an additional mechanism of caking was used to describe the caking of crystalline materials 
stored below their RH0.  Capillary condensation between particles leads to the formation of liquid 
bridges, which over time solidify due to dissolution and mass transfer across the liquid bridge without a 
change in relative humidity or temperature.  The critical relative humidity for liquid bridge formation, 
RHcc, is dependent on particle size and temperature.  As particle size decreases, capillary condensation 
increases due to the formation of smaller capillaries between particles.  The small particles are able to 
form additional liquid bridges and also fill with condensation at lower relative humidity values, which 
leads to caking at a lower relative humidity compared to large particles.  Hydrate formation was not 
found to influence caking in α-AG or GM and the presence of β-AG was not found to influence caking in 
GM.  Storage of α-AG as a binary mixtures with sucrose (AG:S) decreased the storage stability of α-AG 
compared to α-AG alone.  The addition of sucrose shifted the particle size distribution toward smaller 
particle sizes and therefore increased capillary condensation and caking was observed at a lower storage 
relative humidity, 64%RH at 25°C.  The addition of sucrose to glucose (GM:S) did not change the storage 
stability of GM.  The particle size distributions of GM and GM:S were very similar and caking was 
observed at the same relative humidity, 53%RH, at 25°C in both samples; however, the rate of caking 
occurred faster in GM:S compared to GM stored alone.   
This research significantly contributes to the literature in the areas of crystalline glucose storage 
parameters, hydrate formation and loss mechanisms, and physical stability during storage.  Previous 
handling recommendations suggested storage of both α-AG and GM at or below 55%RH at 30°C.  
However, this research has shown hydrate loss in GM to occur at 11%RH at 25°C and caking to occur at 
53%RH at 25°C.  Particle size greatly influenced caking and, therefore, may be useful for future product 
formulation of stable powdered ingredients and ingredient mixes.   
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Chapter 1:  Introduction 
Rationale and significance 
Glucose has been used as a sweetener and substrate for fermentation for years and today is used 
extensively as an ingredient in commercial powdered mixes such as powdered drink mixes, sports 
drinks, dessert mixes, soups, and spice blends (Mulvihill 1992).  Often α-anhydrous glucose (α-AG) is 
selected for use in powdered mixes despite the lower cost of glucose monohydrate (GM).  α-AG may be 
up to double the cost of GM at times; bulk α-AG from Ingredion Incorporated (Westchester, IL) was 
quoted in February 2013 to be $0.77 per pound versus $0.47 per pound for bulk GM before freight 
pricing.  However, the rationale for choosing one form of the monosaccharide over another was not 
found in the literature.  Both α-AG and GM can be purchased as crystalline powders and have similar 
reported deliquescence points, RH0, of 89-91 and 91%RH at 25°C, respectively (Salameh and others 
2006; Rüegg and Blanc 1981; Peng and others 2001).  Additionally, both are recommend to be stored at 
or below 55%RH and 30°C to avoid caking (Mulvihill 1992). 
Crystalline α-AG is generally considered to be stable and does not sorb a significant amount of water 
below its RH0, however, it is able to form a 1:1 stoichiometric hydrate, GM at a critical relative humidity 
and temperature.  Hydrate formation and loss, in some materials, may change the flowability of the 
solid (Peleg 1983; Sun 2009; Juliano and Barbosa-Canovas 2010).  Previous research on crystalline 
hydrates has focused on pharmaceutical active ingredients and excipients due to the important 
differences in bioavailability and stability of hydrates (Salameh and Taylor 2006; Wikström and others 
2009).  However, despite its heavy use in the food industry, glucose hydrate formation and loss has 
limited reference in the literature and the solid-state reaction and accompanying physical stability has 
not been fully characterized (Lui and Zhang 2006; Ponschke and House 2011; Mathlouthi and others 
2012).   
Understanding hydrate formation and loss in glucose is paramount to creating handling and storage 
recommendations to ensure the proper form is sold as an ingredient and used in research.  For industrial 
uses, the specification information included with α-AG and GM from the manufacturer (e.g., 
specification sheets), such as the moisture content and percent of glucose form, must remain correct 
throughout processing, storage, and transportation to the customer.  Glucose is also used in many 
animal research studies, typically as animal feed, and the correct form of glucose must be used to 
ensure the appropriate amount glucose is available to the animals.  Additionally, research on the 
thermal analysis of glucose reveals different behaviors for α-AG if GM is present.  For instance, previous 
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research investigating the thermal behavior of α-AG observed a small change in heat flow during 
differential scanning calorimetry at 60 to 80°C (Saavedra-Leos and others 2012).  The authors did not 
comment on this behavior; however it is hypothesized by this author that the α-AG sample contained a 
small amount of GM, perhaps in the original sample or created over time during storage.  Lee and others 
(2011) reported that α-AG experienced a very small weight loss during thermogravimetric analysis 
(approximately 0.05%) in the temperature range from 53 to 60°C during ramped heating at a rate of 2, 
5, and 10°C/min, which was hypothesized to be moisture loss due to a small amount of GM present in 
the α-AG sample.  Accidental hydrate formation and loss in glucose certainly has legal and scientific 
impacts and therefore the determination of hydrate formation and loss parameters and mechanisms are 
needed.   
Statement of research objectives 
The hydrate formation/loss parameters and mechanisms of glucose will be investigated, as well as the 
physical stability (caking) of α-AG and GM.   This research will determine the parameters of hydrate 
formation and loss, which can be used for setting temperature and relative humidity storage limits for α-
AG and GM to avoid conversion of the intended form.  This research will also determine the mechanisms 
of hydrate formation and loss, in order to better understand and control the solid-state reactions.  The 
physical stability of both α-AG and GM will be investigated and will serve to provide rationale for the use 
of each ingredient in food formulations.  Additionally, this research will detail a new qualitative scale for 
measuring caking and determine the influences of particle size and storage as a binary mixture with 
sucrose on caking.  This information will be useful for industrial storage of glucose, as well as other food 
ingredients prone to caking and will be accomplished by the three overall objectives outlined below. 
Objective 1:  Determine the critical relative humidity and mechanism(s) of hydrate formation and loss in 
α-AG and GM, respectively (Chapters 3 and 4).  α-AG and GM will be studied under dynamic and 
equilibrium conditions to determine the critical relative humidity for the solid-state reaction of hydrate 
formation or loss.  Equations expressing solid-state kinetics will be used to model the conversion, from 
α-AG to GM and GM to α-AG, under equilibrium conditions and the best fit mechanism(s) will be 
selected.   Raman spectroscopy will be used to confirm the mechanism(s) of hydrate formation and loss. 
Objective 2:  Determine the physical stability and water-solid interactions responsible for the caking of 
α-AG and GM during storage (Chapters 5 and 6).  Caking of α-AG and GM will be qualitatively measured 
during relative humidity storage under equilibrium conditions below the deliquescence point.  X-ray 
powder diffraction will be used to confirm the composition of the sample (alpha-, beta-anhydrous, 
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and/or monohydrate) during storage.  The effect of particle size on the mechanism of caking will also be 
investigated. 
Objective 3:  Determine the physical stability of α-AG and GM binary mixtures with sucrose during 
relative humidity storage (Chapter 7).  Binary mixtures (50:50 w/w) of α-AG and sucrose and GM and 
sucrose will be created and caking will be qualitatively measured during relative humidity storage under 
equilibrium conditions to determine storage parameters for the binary mixtures.    
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Chapter 2: Literature Review 
Classification of Solids 
Solids can be classified into two broad categories, crystalline or amorphous (Figure 2.1), depending on 
molecular arrangement and potential energy.  The molecular packing of amorphous and crystalline 
solids affects many of the solids’ properties, including the material’s stability, flowability, and 
interactions with water.  Crystalline solids have both short-range and long-range molecular order, with a 
repeated structural pattern extending in all three spatial dimensions and an equilibrium state of the 
lowest possible energy and entropy (Ahlneck and Zografi 1990; Cui 2007).  Water uptake in crystalline 
materials is generally dependent on the available surface area of the material.  Over a range of relative 
humidity values, only a finite amount of water is adsorbed until a critical relative humidity is reached, 
after which significant water uptake will occur as observed during hydration formation and 
deliquescence processes, both of which are discussed below in the water-solid interaction section 
(Ahlneck and Zografi 1990).  Amorphous solids have greater intermolecular distance between units and 
more molecular mobility than crystalline solids, creating a non-equilibrium state with excess free energy 
and entropy (Hancock and Zografi 1997).  The molecular structure contains some short-range molecular 
order, however lacks the long range order of packed molecules (Roos 2010; Schmidt 2012).  Amorphous 
materials will also absorb water at all relative humidity values, where water uptake is dependent on the 
total mass of the amorphous material present (Ahlneck and Zografi 1990; Cui 2007).  
Under appropriate conditions, crystalline solids can undergo several transformations as depicted in 
Figure 2.2 such as; phase changes (e.g. sublimation and melting), decomposition, amorphization, and 
crystallographic transformations.  Crystallographic transformations are of specific interest in this 
research; these transformations include polymorphic transitions, hydrate formation and loss, and co-
crystallization.  Some amorphous solids such as sucrose, may be able to recrystallize under favorable 
conditions and are referred to as crystallizable (Yu and others 2008); however, some materials such as 
polydextrose will not recrystallize and are referred to as non-crystallizable (Schmidt 2012).   
Water-solid interactions 
As described by Ahlneck and Zografi (1990), there are five major mechanisms of water-solid interactions 
of importance to food materials (Figure 2.3): adsorption onto a surface, absorption into the bulk phase, 
capillary condensation, crystal hydrate formation and loss, and deliquescence. The interaction of food 
materials with ambient moisture may cause a number of undesirable changes to the material’s 
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appearance, functionality, taste, shelf life, and textural, chemical, biochemical, and microbial stability 
(Schmidt 2004). 
Adsorption onto a surface 
The mechanism of adsorption can occur over any relative humidity when water vapor adsorbs onto the 
surface of a solid, but does not penetrate the bulk of the solid.  The first layer of water molecules 
generally bond to the surface of the material via hydrogen bonds.  Additional molecular layers may form 
depending on the material characteristics and ambient relative humidity (Thiel and Madey 1987).  Once 
water adsorbs to a surface, it may be driven off again by decreases in humidity and/or increases in 
temperature (Newman and others 2008).  The degree of water adsorption is dependent on the degree 
of polarity of the surface chemical groups, as well as the available surface area (Ahlneck and Zografi 
1990; Newman and others 2008).   
Absorption into the bulk phase 
Penetration of water into the bulk phase of the solid is known as absorption.  Water may enter the 
material in a stoichiometric or nonstoichiometric amount to form a crystalline hydrate, discussed in a 
subsequent section (Byrn and others 1995), or act as a plasticizer in amorphous material.  In this section 
we will focus on water absorbing into completely or partially amorphous materials.  Amorphous 
materials typically absorb amounts of water much greater than crystalline materials over a range of 
relative humidity values.  The amount of water adsorped influences the properties of the amorphous 
solid and can lower the material’s glass transition temperature, the transition between the glassy and 
rubber states (Kontny and Zografi 1995).   
Capillary condensation 
Capillaries are formed by surface defects, pores, and/or material contact points (Gregg 1961).  The 
atmospheric pressure directly above a capillary is lower than the surrounding atmosphere.  If the 
pressure is lowered enough to where the vapor pressure of the bulk air is greater than the saturated 
vapor pressure above the liquid surface of the capillary, water vapor will condense in the pore structure 
(Billings and others 2006).  In other words, capillary condensation will occur when the substrate-liquid 
surface tension is less than the substrate-vapor surface tension (Restagno and others 2002).  
Condensation can result at relative humidity values below total saturation of the atmospheric air due to 
the vapor pressure difference above the capillary (Billings and others 2006).  The attractive forces 
between adsorbate molecules increase as surfaces become highly curved and the water vapor 
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condenses to a liquid (Kontny and Zografi 1995).  Capillary condensation can dramatically change the 
adhesion and friction properties of a material and prolonged storage at high relative humidity results in 
more particle friction (Restagno and others 2002; Landi and others 2011; Stoklosa and others 2012). 
Capillary condensation usually occurs if very small pore dimensions are present, such as in microporous 
pharmaceutical materials (Kontny and Zografi 1995).  In addition to pores on the surface of the material, 
capillaries are also formed at contact points between particles (Billings and others 2006; Palzer 2006; 
Schmidt 2012).  The vapor pressure at which capillary condensation occurs is related to the size of the 
capillary, measured by the Kelvin radius (rk), and related by the Kelvin equation (Equation 2.1).  The 
Kelvin radius where condensation will occur over a range of relative humidity environments can be 
predicted using the Kelvin equation shown below; 
    
 
         
            )
)
   Equation 2.1 
where aw is the water activity, σ is the surface tension of the adsorbed film, θ is the wetting angle, V0 is 
the volume of 1 mol of saturated solution, r is the pore size, R is the gas constant, and T is temperature 
(Adamson 1976).  Capillaries equal to or less than the predicted Kelvin radius will experience capillary 
condensation and be full of solution at a specific relative humidity and temperature (Gregg 1961; 
Adamson 1976; Restagno and others 2002; Billings and others 2006).  As relative humidity increases, the 
critical size of the capillary that can fill with condensation also increases.  Billings and others (2006) 
reported that the critical capillary radius in sucrose increases exponentially at a water activity between 
0.75 and 0.80, resulting in significant liquid bridge formation at this a higher water activity values. 
Hydrate formation and loss 
Hydrate formation and loss are a solid-state reaction, where water is incorporated into the anhydrous 
structure or removed from the hydrated structure, respectively, while the sample remains in the solid 
crystalline state (Heinz and others 2009).  Water usually enters the crystalline lattice in a well-defined 
stoichiometric amount, however non-stoichiometric hydrates have also been identified (Alneck and 
Zografi 1990).  Hydrate formation and loss both occur at a unique critical relative humidity as a function 
of temperature (Byrn 1982).  The environmental conditions (time, temperature, relative humidity) 
during hydrate formation and loss strongly influence the final product form (crystalline or amorphous), 
as well as its stability (Byrn and others 1995; Kajiwara and others 1999; Cesaro and others 2008; Trasi 
and others 2011).   
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In order to determine if a crystalline solid can form a hydrate, the material must be investigated using 
moisture uptake studies, and any solid that has a significant change in moisture content should be 
examined.  Further analysis by X-Ray diffraction, DSC, TGA, IR, NMR, etc. will be necessary to determine 
the structure of the anhydrous material and confirm the structure and stoichiometry of the hydrate 
material (Byrn and others 1995).  Hydrate formers may be organized by the arrangement of water 
molecules in the lattice structure into three categories.  Isolated site hydrates contain water molecules 
in the lattice structure that are not in contact with any other water molecule; each water molecule is 
surrounded in all directions by the crystalline material.  Channel hydrates contain water molecules that 
form a channel along an axis of the crystal.  Channel hydrates may be nonstoichiometric hydrates or 
planar hydrates, with water located in a channel in two-dimensional order.  Lastly, ion-associated 
hydrates contain water molecules associated with ions in the crystal structure (Vippagunta and others 
2001; Brittain and others 2009).  Due to the complexity of hydrate formation and loss, specific examples 
of crystal hydrate formation and loss will be discussed in the hydrate formation materials section. 
Deliquescence  
Deliquescence is a first-order phase transition from crystalline solid to solution, induced by water uptake 
from the atmosphere (Zografi and Hancock 1994) as illustrated in Figure 2.4.  The percent relative 
humidity (%RH) at which deliquescence occurs, called RH0, is a unique property of the crystalline solid as 
a function of temperature.  For most materials, solubility increases as temperature increases and 
therefore RH0 decreases (Mauer and Taylor 2010; Lipasek and others 2013).  Below RH0, water may 
interact with the surface of the material through adsorption, but as the relative humidity exceeds the 
RH0, dissolution begins with a thin layer of saturated solution on the particle surface.  Water in the 
saturation solution has a lower thermodynamic activity than pure water, creating a driving force for 
condensation.  Additional water vapor condensing on the material causes the solution to become 
slightly unsaturated allowing more material to dissolve.  The process of condensation and dissolution 
repeats until the solid has completely dissolved and it comes into equilibrium with the relative humidity 
of the environment, RHE (Mauer and Taylor 2010). 
Deliquescence will occur faster if the material is stored at elevated relative humidity values, relative to 
RH0 (RHE>RH0), for a sufficient period of time.  It is important to monitor the relative humidity during 
storage of deliquescent materials, typically crystalline solids such as organic salts, sugars, and some 
vitamins (Adams and Merz 1929; Kontny and Zografi 1985; Salameh and Taylor 2005; Salameh and 
Taylor 2006b), because if stored above its RH0, these materials may experience undesirable quality and 
  
 
9 
 
textural issues, such as caking (Salameh and Taylor 2006a), accelerated chemical reactions (Hiatt and 
others 2008), and decreased stability (Salameh and Taylor 2006b).   
Of special interest in the food industry, mixtures of deliquescent materials experience deliquescence 
lowering, the deliquescence point of the mixture is lower than any of the individual material’s RH0 
values (Salameh and Taylor 2005; Salameh and others 2006; Mauer and Taylor 2010).  This lower critical 
relative humidity, RH0mix, is dependent on the type and number of materials composing the mixture 
(Mauer and Taylor 2010).  The RH0mix can be approximated by the Ross Equation given in Equation 2.2, 
      
   
 
     
   
 
     
   
 
     
   
    Equation 2.2 
where RH0,1, RH0,2,…RH0,I are deliquescence point of the individual ingredients.  Additional information 
about the kinetics of deliquescence and deliquescence lower can be found in the Mauer and Taylor 
(2010) review article. 
Solid-state chemistry 
Solid-state chemistry covers a broad range of solid-state reactions, which from start to finish occur 
completely in the solid form.  The reaction is generally pictured as two regular crystal lattices in close 
contact, ‘reacting’ to produce a layer of product at the interface.  Particle motion through this layer 
allows the reaction to continue until the entire original lattice is consumed (Welch 1955).  Reactions in 
the solid-state tend to proceed through a four-step process.  First, the reaction begins at one or more 
nucleation sites throughout the crystal.  Nucleation sites may be imperfections in the crystalline 
structure formed during crystallization or physical processing.  Secondly, the chemical reaction occurs, 
which tends to be much slower than its solution counterpart due to the rigid crystal lattice and 
restricted movement of functional groups.  As the reaction progresses, the third step, solid-solution 
formation, is reached where the product exists in a solid solution with the reactants.  The fourth and 
final step is the separation of the product phase.  Once the limit of solubility is reached in the original 
crystal lattice, the product will crystallize (Byrn 1982). 
The four-step process illustrates the many factors complicating the kinetics of solid-state reactions.  
Materials will vary in the number of random nucleation sites, and some solid-state reactions are 
completely dependent on the propagation of nucleation sites.  The crystal structure of each material will 
affect the molecular loosening and molecular change, due to the crystal packing and orientation of 
functional groups.  Furthermore, many times the molecular loosening cannot be separated from the 
molecular change step (Byrn 1982).  Some solid-state reactions also produce intermediate phases, which 
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may be poorly crystallized, increasing the difficulty of studying the reaction (Welch 1955).  Hydrate 
formation and loss are solid-state reactions, which will be further investigated in anhydrous glucose and 
glucose monohydrate, respectively.   
Solid-state kinetics 
Reaction kinetics may be used to determine an unknown mechanism for a variety of solid-state 
reactions, including; hydrate formation (Yoshii and others 2000; Wikström and others 2009), hydrate 
loss (Taylor and York 1998), and crystallization (Cardew and Davey 1985; Burnett and others 2006).  The 
conversion fraction, ratio of product to reactant species, may be plotted and modeled using common 
mathematical solid-state kinetic reaction models.  Each model describes a specific reaction mechanism 
and is expressed mathematically as an equation.  The model equations can be divided into categories 
based on mechanistic assumptions as nucleation, geometrical contraction, diffusion, or reaction order 
(Brown and Galwey 1979; Khawam and Flanagan 2006), as listed in Table 2.1. 
For nucleation reactions, the rate limiting step is the formation and growth of the nucleation sites 
(surfaces, crystal imperfections, impurities, cracks, edges, and capillaries).  It is assumed that nucleation 
formation and growth occur at different rates, and nuclei growth has certain restrictions such as nuclei 
ingestion and coalescence, all which is taken into consideration by the nucleation equations.  Geometric 
contraction models assume rapid nucleation on the surfaces or crystallographic faces of a crystal, 
creating a product layer covering all surfaces, progressing toward the center of the crystal.  The overall 
kinetics are determined by the geometry of the crystal.  Diffusion models are dependent on transport 
across the barrier layer, as a product layer increases, the reaction rate is controlled by the movement of 
reactants or products to or from the barrier layer.  Typically, the rate of product formation decreases 
proportionally with the thickness of the barrier layer.  Lastly, order of reaction models are the simplest 
models where the reaction rate is proportional to the concentration of remaining reactant raised to a 
particular power (Galwey and Brown 1999; Khawam and Flanagan 2006). 
In order to identify the solid-state mechanisms for unknown reactions, the common models in Table 2.1 
are used to determine the best fit using the correlation coefficient (r2 value), standard error of the slope 
of the regression line (sb), standard error of the regression (syx), and/or residual plots.  Since information 
about individual reaction steps is difficult to obtain in solid-state reactions, it is important to use 
complementary techniques (chemical or structurally sensitive) to support the mathematically identified 
model, such as microscopy, X-ray diffraction, or spectroscopy (Brown and Galwey 1979).  For instance, if 
a reaction is best fit to a diffusion controlled mechanism, identification of the diffusing species and the 
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geometry of the diffusion should be analyzed separately from the kinetics by microscopy if possible.  If a 
reaction is best fit to a nucleation model, microscopy can be used to visualize the nucleation and growth 
at the crystal level (Galwey 2004). 
Hydrate forming materials 
Currently, there is no satisfactory theory explaining why some materials form hydrates and others do 
not.  In fact, the formation of hydrates is very unpredictable, and analytical experiments remain the best 
way to determine if a material hydrates, how many hydrates form, and how many molecules of water 
are present in the crystal (Byrn and others 1995).  Citric acid for instance, has 2 crystalline forms; 
anhydrous or a 1:1 stoichiometric hydrate.  Other hydrate formation materials will form several 
hydrates (such as trehalose) and still others will form one hydrate, but several different polymorphs 
(such as sorbitol).  The transitions between forms of the anhydrous and hydrated crystal(s), known as 
crystallographic transformation, are of interest; however, the transitions are extremely complex and 
vary greatly by material and experimental protocol (temperature, saturation of crystallization, relative 
humidity, etc.).  Therefore, the crystallographic transformations will be discussed in this text, but not 
depicted in the accompanying figures.  This research will help to identify the parameters of 
crystallographic transformations of glucose.  Hydrate formation trees will be used to summarize the 
possible forms of specific hydrate formation material without the crystallographic transformations 
parameters.  A generic hydration formation tree is shown in Figure 2.5, and the number of hydrates and 
polymorphs will be dependent on the material of interest. 
Glucose 
Glucose, commonly referred to as dextrose in the food industry, is typically made from the hydrolysis of 
corn starch.  Glucose has one hydrate form, a stoichiometric 1:1 α-monohydrate, and two polymorphs 
of the anhydrous form, alpha (α) or beta (β) (Figure 2.6).  α-anhydrous glucose can be crystallized from a 
saturated glucose solution at approximately 65°C through evaporation and spontaneous nucleation.  
Crystallization at temperatures greater than 100°C with higher solids concentration and seeding will 
form β-anhydrous glucose crystal.  Glucose monohydrate is crystallized at temperatures below 50°C, to 
avoid crystallization of α and β anhydrous glucose, through evaporation (Mulvihill 1992).   
α-anhydrous glucose converts to glucose monohydrate when stored at 97%RH for 105 minutes at 20°C 
(Mathlouthi and others 2012) and when stored over water for 20 hours at room temperature (Ohshima 
1974).  Hydrate loss, the conversion of glucose monohydrate to anhydrous glucose, partially occurs 
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when glucose monohydrate samples are left out at room temperature and reach full dehydration only if 
the samples are exposed to elevated temperatures (Ponschke and House 2011).  Glassy amorphous α-
anhydrous glucose can be made when milled far below its glass transition temperature and is free of 
mutarotation (no β-anhydrous glucose is created).  However, if amorphous glucose is created by the 
thermal quenching of the liquid, mutarotation is unavoidable and both α- and β-anhydrous glucose will 
be present (Dujardin and others 2008). 
Glucose hydrate formation has been studied previously, however little information was found on in the 
current literature.  Mathlouthi and others (2012) reported the conversion of anhydrous glucose to 
glucose monohydrate followed a zero-order reaction when stored at 97%RH at 20°C for 105 minutes.  
No consensus on the mechanism of hydrate loss in glucose was found in the current literature.  Liu and 
Zhang (2006) reported hydrate loss in glucose monohydrate at temperatures at and above 40°C to 
follow the two-dimensional phase boundary-controlled reaction using THz time-domain spectroscopy.  
Whereas, Ponschke and House (2011) reported hydrate loss to follow a one-dimensional contraction 
rate law using isothermal gravimetric analysis.  Additionally Mathlouthi and others (2012) reported 
hydrate loss in glucose monohydrate to follow a zero-order reaction using differential scanning 
calorimetry.  Additional complementary techniques were not used to confirm the mathematical 
modeling results from the above studies.  The studies herein will determine the critical relative humidity 
and temperature, physical storage stability, and mechanism of hydrate formation and loss in anhydrous 
glucose and glucose monohydrate, respectively.   
Understanding hydrate formation and loss in glucose is paramount to creating handling and storage 
recommendations to ensure the proper form is sold as an ingredient and used in research.  For instance, 
previous research investigating the thermal behavior of anhydrous glucose observed a small change in 
heat flow during differential scanning calorimetry at 60 to 80°C (Saavedra-Leos and others 2012).  The 
authors did not comment on the behavior; however it is hypothesized by this author that the anhydrous 
glucose sample contained a small amount of glucose monohydrate, perhaps in the original sample or 
created over time during storage.  Additionally, Lee and others (2011) reported that anhydrous glucose 
experienced a very small weight loss during thermogravimetric analysis in the temperature range from 
53 to 60°C during ramped heating at a rate of 2, 5, and 10°C/min, which was hypothesized to be 
moisture loss due to a small amount of glucose monohydrate present in the anhydrous sample. 
Maltose 
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Maltose is a disaccharide composed of two glucose units and is typically formed during starch hydrolysis.  
Maltose occurs in three crystalline forms, α-anhydrous maltose, β-anhydrous maltose, and β-maltose 
monohydrate (Figure 2.7), the latter of which is the most stable form.  Commercial β-maltose 
monohydrate samples may be composed of as low as 90% β-maltose monohydrate and the impurities 
present may affect its water sorption behavior (Hodge and others 1972).  During storage at 75%RH and 
from 25 to 50°C, α-anhydrous maltose converts to β-maltose monohydrate and the conversion rate 
increases as temperature is increased.  Mutarotation must first occur prior to hydrate formation, and is 
hypothesized to be the rate-limiting step in the conversion process (Yoshii and others 2000).  β-
anhydrous maltose is extremely hydroscopic and converts to β-maltose monohydrate upon storage in 
humid air (Hodge and others 1972).  An additional stable form of β-anhydrous maltose was discovered 
by Verhoeven and others (2012) by ethanol-mediated hydrate loss in the temperature range of 50 to 
70°C, however the novel form is not used in the food industry and is not depicted in Figure 2.7.  Vacuum 
heating of β-maltose monohydrate produced β-anhydrous maltose at 40°C, but at least 3 weeks of 
storage is necessary for the complete conversion.  Vacuum heating at higher temperatures increases the 
rate of hydrate loss, however mutarotation to α-anhydrous maltose is unavoidable in this case.  
Additionally, traditional heating, without vacuum, causes extensive mutarotation, resulting in α-
anhydrous maltose (Hodge and others 1972).   
Trehalose 
Trehalose is a disaccharide composed of two glucose units and is found widely throughout nature; from 
bacteria and nematodes, to lichens, mushrooms, and other higher plants (Cesaro and others 2008).  
Trehalose is used by some plants and animal cells to survive extreme dehydration and has potential to 
be a highly efficient natural preservative (Cesaro 2006).  Trehalose has several different structures 
including three anhydrous crystalline forms and a dihydrate form (Figure 2.8).  Crystalline anhydrous 
forms of trehalose (TRE-β and TRE-α) are simple structures however, the last polymorph of anhydrous 
crystalline trehalose (TRE-ϒ) has two domains, a hydrated core of possibly TRE-h and an anhydrous 
external layer of possibly TRE-β, and is metastable.  The crystalline dihydrate (TRE-h) contains two 
molecules of water per disaccharide (Cesaro and others 2008).   Additionally, trehalose can exist in an 
amorphous glassy or rubbery state below and above its glass transition temperature, respectively.  The 
TRE-α form can transition to its amorphous form upon heating, but when cold crystallized around 125°C 
converts to TRE-β (Sussich and Cesaro 2000).  The rubbery amorphous state is produced through slow 
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heating of TRE-h and the glassy state only if the undercooled liquid is quenched at a temperature below 
the glass transition temperature (Sussich and others 1998). 
Lactose 
Lactose, the disaccharide of glucose and galactose abundant in milk, is typically found in dairy food 
products, as well as pharmaceuticals.  Lactose occurs in three crystalline forms, α-anhydrous lactose, β-
anhydrous lactose, and α-lactose monohydrate (Figure 2.9), the latter of which is the most typical 
commercial form (American Pharmaceutical Association 1986).  An additional form of anhydrous 
lactose, termed α-anhydrous lactose unstable, was also found in the literature, produced by drying α-
lactose monohydrate in an vacuum oven at 100-120°C (Listiohadi and others 2008), however is not 
depicted in Figure 2.9 due to its limited use in the pharmaceutical and food industry. The form of 
lactose, as well as amorphous content, is dependent on the crystallization method and drying processes 
(American Pharmaceutical Association 1986).   
During relative humidity storage (75 to 94%RH) α-anhydrous lactose converts to α-lactose monohydrate 
(Listiohadi and others 2008; Angberg and others 1992a; Angberg and others 1991).  β-anhydrous lactose 
also converts to α-lactose monohydrate during storage at 75%RH (Listiohadi and others 2008), however 
first it must convert to α-anhydrous lactose through mutarotation (Angberg and others 1992a; Angberg 
and others 1992b; Angberg and others 1991).  Storage of β-anhydrous lactose at higher relative 
humidity values (94%RH) leads to increased mutarotation (Angberg and others 1991).  The conversion of 
β- to α-anhydrous lactose occurs much slower than the conversion of α-anhydrous lactose to α-lactose 
monohydrate and is hypothesized to be the rate-limiting step of hydrate formation (Listiohadi and 
others 2008; Angberg and others 1991).  Complete dissolution of β-anhydrous lactose was not found to 
be necessary for mutarotation (Listiohadi and others 2008; Angberg and others 1991; Angberg and 
others 1992b) as previously thought.  During gentle heating (120-145°C), α-lactose monohydrate 
converts to crystalline α-anhydrous lactose (Raut and others 2011; American Pharmaceutical Association 
1986).   
Raffinose  
Raffinose, a trisaccharide of galactose, fructose, and glucose, is another sugar that is has been found to 
protect biological systems undergoing dehydration.  Raffinose only exists in an amorphous anhydrous 
form, however, it can form several different stoichiometric hydrates, including a pentahydrate, 
quantaryhydrate, and trihydrate (Saleki-Gerhardt and others 1995; Kajiwara and Franks 1997) shown in 
Figure 2.10.  Amorphous raffinose held at room temperature above 40%RH easily converts to the 
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crystalline pentahydrate.   Whereas, trihydrate samples held between 10 to 50%RH took up the 
equivalent of one molecule of water forming the quantaryhydrate, and samples held above 50%RH took 
up two molecules of water forming the pentahydrate (Saleki-Gerhardt and others 1995).  Raffinose 
pentahydrate held at 30°C and below 10%RH lost one molecule of water over three months forming the 
quantaryhydrate.  Raffinose pentahydrate samples subjected to a vacuum for only 24 hours lost two 
molecules of water forming the trihydrate (Saleki-Gerhardt and others 1995; Kajiwara and Franks 1997).  
Increasing the temperature of raffinose pentahydrate storage to 100°C for only 24 hour, converted the 
pentahydrate to 100% amorphous anhydrous raffinose (Saleki-Gerhardt and others 1995).  Additionally, 
when the pentahydrate was completely dried under reduced pressure (50-100mbar) it was found to be 
completely amorphous (Kajiwara and others 1999).  Storage at 60°C converted the pentahydrate into a 
mixture of trihydrate and amorphous anhydrous raffinose (Saleki-Gerhardt and others 1995). 
Sorbitol 
Sorbitol is a polyol, obtained from the hydrogenation of glucose, which forms a 2/3 hydrate, referred to 
in the literature as the hydrate (Nezzal and others 2009).  Throughout the literature, several polymorphs 
of the sorbitol hydrate have been made through thermal and/or desorption treatments (Figure 2.11).  
There is no universal nomenclature for each polymorph, however the nomenclature used by Nezzal and 
others (2009) will be adopted herein.   Historically, the polymorphs that have been studied are alpha 
(sometimes referred to as A), beta (sometimes referred to as B), gamma (referred as B or Γ) (Jeffrey and 
Kim 1970; Park and Jeffrey 1971; Quinquenet and others 1988b), delta (Du Ross 1984), epsilon 
(Schouten and others 1998), and the crystallized melt (CM) (Quinquenet and others 1988a; Cammenga 
and Steppuhn 1993; Nezzal and others 2009).  
The least stable polymorph has been identified as the alpha form (Hartel 2001).  Pure hydrated sorbitol 
heated to 50°C for 65 hours and then cooled to room temperature in a closed container resulted in the 
production of the hydrated alpha and gamma forms.  Conversely, the same pure hydrated sorbitol 
heated to 50°C for 65 hours then cooled to room temperature in an open container resulted in 
anhydrous forms of alpha and gamma forms (Quinquenet and others 1988b).  Nezzal and others (2009) 
converted the crystallized melt to the alpha form much more simply by annealing at 80°C.  In another 
experiment, hydrated and anhydrous alpha forms and hydrated gamma form dehydrated in the 
presence of P2O5 at room temperature for 80 days resulted in the anhydrous alpha form only 
(Quinquenet and others 1988b).   
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The beta polymorph may be formed by thermal treatment of industrial sorbitol (Quinquenet and others 
1988b).  In a complex process, the hydrate was dried at 50°C until a moisture content of 1% was 
reached, cooled to room temperature, then heated to complete melting at 120°C, and crystallized for 72 
hours at 62.5°C (Quinquenet and others 1988a).  However, this procedure could not be repeated by 
Cammenga and Steppuhn (1993).  Mathlouthi and others (2012) used molten sorbitol and a high speed 
granulator along with beta sorbitol seeds to crystallize the beta form.  The resulting sorbitol also had 
gamma and epsilon forms present.  
The gamma form is said to be the most stable polymorph of sorbitol (Hartel 2001).  The gamma form 
displays lower crystallinity than the alpha form, but is more stable and therefore suited for commercial 
applications (Nezzal and others 2009).  Anhydrous gamma can be produced upon dehydration of both 
the hydrated and anhydrous alpha forms and the hydrated gamma form at 85°C for 12 hours 
(Quinquenet and others 1988b).  The anhydrous gamma form can also be produced from the crystallized 
melt by seeding.  Many experiments result in at least some fraction of gamma sorbitol form, perhaps 
due to the stability of this crystal (Quinquenet and others 1988b; Hartel 2001; Nezzal and others 2009; 
Mathlouthi and others 2012). 
There are several other polymorphs that are either not as well defined (delta), are formed very rarely 
(epsilon), or have just been discovered (F).  These forms are not depicted in the sorbitol hydrate 
formation tree (Figure 2.11).  The delta form is reported by Du Ross (1984), however a preparation 
method was not given.  Anhydrous epsilon has only been formed by slow evaporation from a 98% 
EtOH/water solution, and its crystalline structure identified by Schouten and others (1998).  The most 
recently discovered sorbitol polymorph, the F form, was prepared by recrystallization of the gamma 
form from N, N-dimethylacetamide (Wang and others 2012). 
The CM form can be prepared by melting sorbitol powder followed by a slow crystallization at room 
temperature.  Two polymorphs of the CM, E and E’, can be observed by different melting temperatures 
and different degrees of birefringence (Nezzal and others 2009). 
Citric Acid 
Citric acid is a commonly used acid in beverages, candies, and fruit-flavored products.  Only two forms of 
citric acid, anhydrous and monohydrate, are possible (Figure 2.12) and have very different flowability.   
The conversion of anhydrous citric acid to monohydrate is relatively slow at 69.9%RH, reaching 97% 
completion after three months at 20°C.  The monohydrate does not dehydrate until temperatures of 
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55°C and retains its water of hydration over a range of relative humidity values (5 to 70%RH) at 25°C 
(Sun 2009).   
Caking  
The food industry handles a variety of powders in the form of bulk ingredients (sugar, spices, and flours) 
and end products (coffee, powdered milk, and drink mixes).  The flowability of these powders is 
important to monitor in order to avoid production losses, such as down time due to decreased 
ingredient flowability and/or unacceptable ingredients and product due to caking.  Flowability of a 
powdered solid is defined as the relative movement of the bulk material, among the neighboring 
particles or the container wall (Peleg 1977).  Flowability of powder is distinctly different than the 
flowability, or rheology, of liquids, and is based on solid mechanics, instead of hydrodynamics (Peleg 
1983).   
There are many physical-chemical properties that affect the flowability of powders, such as particle 
composition, bulk density, and particle size, shape, and roughness.  In addition, environmental factors, 
such as relative humidity and temperature, can also influence flowability (Juliano and Barbosa-Canovas 
2010; Stoklosa and others 2012).  The bulk properties of any powder are influenced by its physical-
chemical properties, as well as the history of the powdered system (Peleg 1983).  Therefore, previous 
processing parameters and storage conditions can influence the powder’s current flowability.  Extremely 
limited flowability may result if the bulk solid becomes agglomerated and/or caked (Griffith 1991).   
Caking mechanisms 
Caking is defined as the assemblage of two or more macroparticles that become incapable of 
independent translations due to intimate contact and interaction (Griffith 1991).  Caking can be 
observed as clumping and/or reduced flow of a product (Chuy and Labuza 1994) and can occur in both 
amorphous and crystalline materials, resulting from a mass transfer across the boundary interface of the 
particles.  The primary cause of caking is the interaction of water with the solid material, accounting for 
more than 90% of all caking problems (Griffith 1991).   
Cake formation can be categorized into four main classes; mechanical, plastic-flow, chemical, and/or 
electrical.  Mechanical caking is easily recognizable as entanglement, such as seen in cotton balls.  The 
aspect ratio (ratio of length of a particle to its diameter), particle size, and friction all influence 
mechanical caking.  Plastic-flow caking is usually seen in amorphous materials, and results from a 
particle’s yield value being exceeded, causing the particles to stick together.  Chemical caking is the 
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largest cause of caking and is the result of a chemical reaction (decomposition, hydration, oxidation, 
recrystallization, and so on).  Finally, electrical caking can be caused by four electrical behaviors; 
piezoelectric (crystals develop a charge by mechanical stress), pyroelectric (crystals develop a charge 
when heated or cooled), ferroelectric (crystals become spontaneously polarized below a transition 
temperature), and static electrical behavior (imparted by particles’ imperfect and asymmetrical 
structures) (Griffith 1991). 
Crystalline materials typically exhibit caking when a concentrated thin film of solution forms on the 
surface of the material (liquid bridging) and upon dehydration, via a decrease in environmental %RH 
and/or increase in temperature, the contact points fuse, creating solid bridges (Griffith 1991).  In 
crystalline materials, the initial liquid bridging may be due to partial deliquescence (Salameh and Taylor 
2006a; Mauer and Taylor 2010) and/or capillary condensation (Billings and others 2006; Schmidt 2012; 
Stoklosa and others 2012).  If partial deliquescence is to occur, the material or mixture must reach its 
RH0, or RH0mix (Salameh and Taylor 2006a).  However, capillary condensation may contribute to caking 
below a material’s RH0/RH0mix.  For example, a critical relative humidity of 80%RH was found to initiate 
caking in crystalline sucrose due to capillary condensation at 25°C (Billings and others 2006), which is 
below its RH0 of 85%RH at 25°C (Mauer and Taylor 2010).  Furthermore, liquid and solid bridging is 
reported in urea particles stored a RH values below RH0, at 67%RH (Wahl and others 2008; Kirsch and 
others 2011).  A schematic of humidity caking in a crystalline material is shown in Figure 2.13.  Cycling 
above and below the RH0/RH0mix has been shown to increase the resulting cake strength in some food 
ingredients, such as fructose and glucose (Salameh and Taylor 2006a). 
Amorphous materials cake via a slightly different process, known as sintering.   The formation of liquid 
bridges occurs via plasticization of particle surfaces by water at contact points between particles, as 
shown in Figure 2.14.   Amorphous materials may become ‘sticky’ due to moisture sorption, liberation of 
absorbed water due to crystallization, glass transition, or melting of fats (Peleg 1983).  Similar to 
crystalline materials, the liquid bridge formed between particles can dry, due to increases in 
temperature and/or decreases in relative humidity, and fuse.  Caking of both crystalline and amorphous 
materials is dependent upon moisture entering the system and liquid bridge formation (Griffith 1991).  
This mechanism is also known as ‘humidity caking,’ since sorption of atmospheric water vapor is the 
primary cause of caking (Burak 1966; Peleg 1983). 
Factors affecting caking 
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Powder characteristics and environmental conditions (Table 2.2) can strongly influence flow behavior 
and, therefore, are important to consider in all caking measurements, experiments, and possible rework 
of caked product (Juliano and Barbosa-Canovas 2010).  For instance, the moisture content of a material 
is important to note, since the prime cause of stickiness and caking in low-moisture foods is water-solid 
interactions (Adhikari and others 2001).  Due to water acting as a plasticizer in amorphous foods, and 
dramatically lowering the glass transition temperature, stickiness of a material has been found to 
increase as the moisture content increases (Hennigs and others 2001).  Particle size is also very 
influential in the cohesion and adhesion strength of a material.  Stoklosa and others (2012) reported 
that small glass beads adsorb more water during RH storage and are less flowable than larger glass 
beads.  Finer particles are more susceptible to cohesion and possible caking (Adhikari and others 2001; 
Landi and others 2011) as observed in salt (Bhatt and Datar 1968), sucrose (Roge and Mathlouthi 2000), 
and microcrystalline cellulose (Hou and Sun 2008).  Particle shape, such as materials with considerable 
branching or high aspect ratios, may also increase the chance of mechanical caking (Griffith 1991). 
Hydrate formation and loss can also affect the flowability of the material.  Storage of glucose 
monohydrate at high temperatures (140°C) caused hydrate loss and the alpha-anhydrous glucose 
created had an increase in surface roughness, an increase in hardness, and a lower flowability than the 
original monohydrate (Trasi and others 2011).  Conversely, anhydrous citric acid stored at 69.9%RH at 
20°C converted to the monohydrate with very similar particle size and morphology but an improved 
flowability.  All three forms of lactose (α/β-anhydrous and β-monohydrate) have different caking 
behavior during storage at 75%RH and β-anhydrous lactose, which converted to β-lactose monohydrate, 
resulted in severe caking (Listiohadi and others 2008). 
Caking measurements 
Particle characteristics and flow 
Although particle characteristics such as flow rate, bulk density, and angle of repose offer insights to 
powder behavior and have some relationships to flowability, these methods cannot be used to predict 
caking.  A material’s flow rate is dependent on the size and shape of a powder.  Flow rate is measured by 
allowing a powder to flow through different shaped laboratory bins or funnels.  Although helpful for 
designing industrial bins and hoppers, the flow rate can only be measured in materials that are free-
flowing and does not offer any insight to materials that are caked (Peleg 1977).  Bulk density is the mass 
of particles per unit volume of a sample bed.  The bulk density can be measured after being poured 
(loose bulk density), after vibration (tapped bulk density), or after compression (compact bulk density) 
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(Peleg 1983).  When materials develop cohesiveness, there is usually a significant reduction in its bulk 
density, however the bulk density cannot be used to predict the flowability of powders.  Finally, the 
angle of repose is defined as the angle formed by the powder and the horizontal surface.  Flowability 
and the angle of repose are inversely related, the smaller the angle of repose the more free-flowing is 
the material (Peleg 1977).  However, the angle of repose may be less accurate for assessing the 
flowability of cohesive materials (Juliano and Barbosa-Canovas 2010). 
Qualitative caking measurement 
Caking can be assessed by qualitative methods, such as measuring the days until visual caking occurs, 
which relies on the definition of caking as “the state at which the powder fails to separate into finite 
particles, appearing as clumps even after shaking and tapping” (Chung and others 2000; Chung and 
others 2003).  Similarly, Chuy and Labuza (1994), determined surface caking temperature as the 
incubation temperature at which the powder sample failed to separate into finite particles after shaking 
and tapping by hand.   
Other qualitative measurements rely on a scaling system to describe caking.  Grant and Bell (2012) used 
a scale of 1 to 5 to describe the caking of tagatose.  Sample vials were gently moved side-to-side and 
inspected on movement and physical appearance.  The samples were described as free flowing (1), 
partially caked (2), fully caked (3), partially deliquesced (4), or fully deliquesced (5).  In addition to the 
scale, images were taken to capture the caking behavior (Grant and Bell 2012).  Mathlouthi and Roge 
(2003) demonstrated that microscopic images of sugar crystals could also be used solely to identify the 
stage of caking.  Palzer (2006) used a scale to describe the caking of amorphous material, namely 
tomato powder, skim milk, and dextrose syrup.  A scale of 1 (“powder is free flowing”) to 9 (“powder 
particles form a sticky, rubbery mass” and “surface is smooth and has little flexibility”) was used based 
on visual assessment, where a grade of 3 (“powder falls into fragile pieces when lifted”) or more was 
considered to be significantly consolidated (Palzer 2006). 
The qualitative scaling measurements only rely on observational data and the definition of caking by the 
researchers, however the scales provide a measurement of caking, as well as flowability.   For new 
industry procedures and ingredient processes, the conditions and environmental parameters should 
always be tested, instead of theorized, to determine if caking will result (Griffith 1991).   
Pisecky method 
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The dairy industry measures caking using a protocol developed by Pisecky (1985), which relies on 
changes to the particle size of a material.  A dairy powder sample is exposed to different relative 
humidity values and the resulting caked material is sieved through mesh sieves using a Roto Tap.  The 
percent remaining in the largest sieve is used to compare caking strength to the original sample (Pisecky 
1985).  However, this protocol only characterizes particle size and not flowability.   
Sticky-point method 
 ‘Sticky-point measurement’ developed by Lazar and others (1956) is used to analyze the effect of 
temperature on powdered ingredients.  Samples are placed in a glass test tube fitted with a rotating 
shaft and propeller, then heated in an incubation oil bath.  As the temperature increases slowly, the 
shaft is rotated at time and temperature increments.  The temperature at which “the force required to 
turn the propeller by hand increased sharply (i.e. becomes difficult to turn)” was defined as the 
advanced caking temperature (Wallack and King 1988; Chuy and Labuza 1994).  Additional modifications 
and improvements have been made to this method since its introduction and are summarized in 
Adhikari and others (2001).  This test, however, does not reveal any information about the flowability of 
the powder below the sticky-point temperature (Peleg 1993).  The sticky-point method is measured as a 
function of moisture content and commonly used in the drying industry in order to create a safe drying 
process for materials (Adhikari and others 2001). 
Tensile strength method 
Tensile strength provides a direct indication of the interparticle forces present in a powder and can only 
be used after a material has been exposed to some consolidation stress (Peleg 1977).  The amount of 
force needed to break or dissect a powder compact, known as tensile strength, of typical food 
ingredients and systems can be found in Table 2.3.  Salameh and Taylor (2006a) used a tensile strength 
test to measure the mechanical strength of caked materials using a texture analyzer three-point beam-
bending method.  However, some food ingredients samples, such as glucose and sucrose, did not form 
strong enough cakes to be tested when stored at a high relative humidity below RH0.   
Shear cell method 
Many caking studies have relied on the shear cell method, specifically the Jenike shear cell, which has 
been useful for measuring cohesive forces between particles and flow behavior in hoppers (Adnikari and 
others 2001).  The shear cell is divided in half horizontally and is equipped to be loaded with normal 
stresses and shear stresses as seen in Figure 2.15.  The sample is loaded with the maximum applicable 
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consolidation load and a plot of shear stress versus consolidation normal stress is created.  From the 
plot, the yield locus curve is identified, which represents the failure in shear stress of the material (Peleg 
1977; Adnikari and others 2001; Juliano and Barbosa-Canovas 2010).  
Peschl (1989) defined absolute flowability (AFL) based on Jenike’s approach in order to compare the 
flowability of different powders under the same parameters.  Using major (σ1) and minor (σ2) 
consolidation loads, unconfined yield strength (fc) , and density of the powder (ρ)  and water (ρw) the 
AFL can be solved for as seen in Equation 2.3. 
    
      ) 
    
  Equation 2.3 
Jenike’s shear cell is the most commonly used instrument to characterize the flowability of powder 
materials (Peleg 1977) and the method has been established as an international standard by the 
American Society for Testing and Material.  Jenike’s method is used extensively to design storage bins 
and is used throughout the food engineering field today (Juliano and Barbosa-Canovas 2010).  However, 
sheer cell methods can result in large variations in measured yield strength (Palzer 2006) and can be 
hard to adapt in high temperatures, high humidity environments (Adhikari and others 2001), or small-
scale systems (Juliano and Barbosa-Canovas 2010). 
Isotherm generating methods 
Isotherms, the relationship between water activity and moisture content at constant temperatures and 
atmospheric pressure, can reveal much about a material’s stability over a range of relative humidity 
values (Kontny and Zografi 1995).  Isotherms have been used as the golden standard for moisture 
measurements for many years.  Several methods may be used to generate isotherms, which are 
described below. 
Saturated Salt Slurries 
Saturated salt slurries have commonly been used to establish a constant relative humidity environment, 
based on individual salt solubility, which reduce the vapor pressure above an aqueous solution.  
Solubility, and therefore the vapor pressure of the headspace above a saturated salt solution, is 
dependent on temperature, as well as the number of dissolved species (Young 1967).  It is important to 
set up the saturated salt solutions prior to using the generated relative humidity environment and to 
maintain excess salt and a layer of saturated salt solution in the system.  As moisture is added or 
removed, the headspace vapor will condense/evaporate and the salt will dissolve/precipitate to 
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maintain the set relative humidity.  It is important to control temperature so as to maintain the most 
consistent relative humidity environment (Kontny and Zografi 1995). 
In the traditional saturated salt slurry method, isotherms are created by allowing samples to equilibrate 
to saturated salt slurry water activity (aw) values.  Samples can be held at the desired relative humidity 
and weighed periodically to measure weight loss/gain due to water sorption (Kontny and Zografi 1995).  
Chamber size influences the equilibration time, such that samples in smaller chambers can reach 
equilibrium much more quickly than the traditionally used desiccator chambers (Lang and others 1981). 
 Dynamic Vapor Sorption instrument 
Much of the research reported in the literature on water-solid interactions has been carried out using 
the traditional saturated salt slurry method.  Recently, however, automated water sorption instruments 
have been developed.  Dynamic vapor sorption (DVS) instruments can also be used to study water-solid 
interactions and can be used to produce equilibrium isotherms (from 0 to 95%RH) as well.  Unlike the 
saturated salt slurry method, the relative humidity and temperature are not disturbed for weight 
measurements, allowing for continuous data collection especially useful for kinetic studies.  As seen in 
the DVS schematic (Figure 2.16), two air flows (dry flow and saturated water or organic solvent flow), 
controlled using mass flow controllers, are used to create the desired relative humidity.  Temperature is 
controlled in the sample chamber (15 to 60°C), while continuous mass measurements are taken using a 
microbalance.  Samples may be held at a specific relative humidity values, similar to a desiccator, in 
order generate an equilibrium environment.  Samples may also be ramped through a range of RH 
environments using a time criteria (from 1 to 9999 minutes) or a dm/dt criteria (<0.005%) that is met 
before moving on to the next relative humidity step (Surface Measurement Systems). 
AquaSorp Isotherm Generator 
The AquaSorp Isotherm Generator from Decagon Devices (Pullman, WA) is a Dynamic Dewpoint 
Isotherm (DDI) generator creating dynamic, real-time isotherms.  Compared to traditional salt slurry 
methods, the DDI does not wait for equilibrium offering new insights and advancements in the area of 
food powder stability (Decagon Devices 2007; Carter and Schmidt 2012, Schmidt and Lee 2012).   
The DDI method directly measures water activity using a patented chilled-mirror dewpoint sensor, while 
recording weight change using a magnetic force balance, as shown in Figure 2.17. Thus, the sample is 
not equilibrated to a known (or selected) aw value, but rather the aw of the sample is measured 
throughout the real-time sorption process. Adsorption occurs as saturated wet air is passed over the 
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sample, while desorption is accomplished as desiccated air is passed over the sample, both at a user 
selected flow rate. After roughly a 0.015 change in aw, airflow is stopped and a snapshot of the sorption 
process is taken by directly measuring aw and weight. The instrument’s water activity ranges from 0.03 
to 0.95 aw with an accuracy of 0.005 aw and temperature range from 15 to 40°C.  The DDI method 
makes it possible to generate complete isotherms with 50 to 200 data points relatively quickly (a few 
days). However, as pointed out by the manufacturer, in some cases (e.g., materials with slow diffusion 
rates) the DDI method may not yield an isotherm comparable to the traditional equilibrium based 
isotherm (Decagon Devices 2007; Carter and Fontana 2008). 
Thermogravimetric analysis 
Thermogravimetric analysis (TGA) is used to test a material’s thermal or oxidative stability and can also 
provide information about the composition of the material (Thomas and Schmidt 2010).  The sample 
weight is continuously monitored, while heated at a constant rate or held at a specific temperature 
(isothermal).  A sample with an upper limit of 1 gm is loaded into a pan and then onto a hangdown wire 
assembly attached to a balance, as seen in Figure 2.18.  The pan is then enclosed in a furnace where the 
sample will be maintained at the programmed temperature of rates up to 100°C per minute with an 
upper limit of 1000°C.  The sample environment temperature is recorded by a Platinell II thermocouple, 
which extends just above the sample pan.  The heater, made of low thermal mass alumina, can be 
heated and cooled very quickly and the sample may be retrieved after thermal processing (TA 
Instruments 2006).  Weight loss is attributed to volatilization or decomposition of the material.  
However, the TGA is not equipped to identify the gas/vapor composition and therefore cannot 
distinguish between water vapor loss and low molecular weight component loss such as flavors.  If the 
off-gas is of importance, several MS and FTIR instruments provide an interface between their equipment 
and the TGA, in order to identify the chemical composition of volatiles (Thomas and Schmidt 2010). 
Raman spectroscopy 
Raman scattering was discovered in 1928 by Raman and Krishnan and has taken a long time to develop 
into a reliable laboratory technique.  Once known as “patience-testing spectroscopy,” the first Raman 
experiments were extremely difficult to complete due to the weak intensity of Raman scattering 
(scattering of radiation with a change of frequency).  Today, Raman spectroscopy is gaining scientific 
importance, since it can provide detailed information about molecular vibrations, which can be helpful 
for identifying molecules and molecular structures, as well as studying intra- and intermolecular 
interactions (Ozaki and Sasic 2008).   
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Photon scatter is due to collisions between the photon and a substance, a molecule for instance, as seen 
in Figure 2.19.  After the collision, the photon may not change its energy (elastic collision) or it may 
exchange its energy with the molecule (inelastic collision).  An elastic collision is called Rayleigh 
scattering and the photons have the same frequency as incident light.  A small number of the collisions 
are inelastic and are known as Raman scattering.  The exchange of energy of a photon and molecule in 
its ground state is Stokes Raman scattering, whereas the exchange of energy between a photon and a 
molecule in its excited state is anti-Stokes Raman scattering.   Stokes Raman scattering is much more 
frequent and so is typically measured, providing information about the energy of a molecular transition 
from one energy level to another (Ozaki and Sasic 2008). 
Raman spectroscopy consists of four pieces of equipment; a laser, spectrometer, detector, and optical 
set-up.  The laser serves as the excitation source and several types of lasers may be used; the 780 nm 
diode laser and 1064 nm Nd:YAG laser being the most popular.  The spectrometer allows for the 
separation of scattered light, which is expressed as the Raman shift, which is the frequency of a band 
expressed as a shift from the excitation wavelength.  The detector measures the strength/intensity of 
the signal of the Raman scattering, the y-axis of the Raman spectrum.  The optical set-up used is usually 
a 180° configuration (Ozaki and Sasic 2008).   
Raman spectroscopy has several advantages, the first being that the Raman spectrum is unique for 
every individual substance creating a material fingerprint.  Raman spectroscopy can be obtained from 
very small amounts of sample without damage to the sample and can be measured regardless of the 
state of the substance (gas, liquid, crystal, film, solution, and so on).  Furthermore, the Raman scattering 
of water is weak, except in the region of 3500 to 3100 cm-1, allowing for aqueous solutions to be easily 
studied (Ozaki and Sasic 2008).  Raman has been successfully used to study water-solid interactions (Gift 
and Taylor 2007), stability of pharmaceutical materials (Salameh and Taylor 2006b; Amado and others 
2007), and solid-state chemistry (Salameh and Taylor 2006c; Wikström and others 2009). 
X-ray diffraction 
Laue discovered X-ray diffraction (XRD) in 1912, introducing a way to measure the internal structure of 
crystals while also proving the wave nature of an x-ray (Friedrich and others 1912).  XRD patterns can 
provide information on the shape, size, and orientation of the unit cell (repeating structural unit of the 
crystal) as well as the lattice parameters (coordinate system of the crystal) of a crystal (Suryanarayana 
and Norton 1998).  
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Electrons present in the material cause the x-ray wave to scatter, as seen in Figure 2.20.  Scattered 
waves that are in phase (parallel but out of phase with the original x-ray) are collected by a detector.  
The x-ray generator and dectector move through a series of angles to collect data of the structure.  
Rotating the sample may be advantagous in some cases, to lower the occurance of prefered orientation 
of the cyrstals.  The difference between the scattered in phase waves and the original x-ray is called the  
angle of incidence or the angle of reflection (2θ°) as seen in Figure 2.21.  Using Bragg’s law,  
n=2dsinθ  Equation 2.4 
where n is the order of the diffraction,  is the wavelength of the x-ray, d is the spacing between planes, 
and θ is the angle of reflection, the lattice parameters of the material can be determined.  After 
collecting the scattered waves over a range of angles (2°θ), a diffraction pattern is created and the peak 
positions are determined by the crystal lattice symmetry and the intensities are determined by how the 
atoms are postitioned in the unit cell.  If a sample contains some amorphous material, the disorder of 
the structure will result in background noise and peak widening.  If the sample is completely amorphous 
no peaks will be visible (Suryanarayana and Norton 1998). 
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Figures 
 
 
Figure 2.1. Solid state classifications. 
 
 
 
 
 
Figure 2.2.  Possible transformations of crystalline solids. 
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Figure 2.3. Mechanisms of water-solid interaction (Schmidt 2012). 
 
 
 
 
 
 
Figure 2.4.  The deliquescence process (Yao and others 2011). 
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Figure 2.5.  Hydrate formation tree of possible forms of a material that experiences hydrate formation. 
 
 
 
Figure 2.6.  Hydrate formation tree of possible forms of glucose. 
 
 
 
Figure 2.7.  Hydrate formation tree of possible forms of maltose. 
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 Figure 2.8.  Hydrate formation tree of possible forms of trehalose. 
 
 
 
 
 
 
Figure 2.9.  Hydrate formation tree of possible forms of lactose. 
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Figure 2.10.  Hydrate formation tree of possible forms of raffinose. 
 
 
 
 
 
 
Figure 2.11.  Hydrate formation tree of possible forms of sorbitol. 
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Figure 2.12.  Hydrate formation tree of possible forms of citric acid. 
 
 
 
 
 
 
 
Figure 2.13.  Schematic of humidity caking in crystalline material (Schmidt 2012). 
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Figure 2.14.  Schematic of humidity caking in amorphous material (Barbosa-Canovas and others 2005). 
 
 
 
 
Figure 2.15.  Schematic of Jenike’s shear cell (Juliano and Barbosa-Canovas 2010). 
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Figure 2.16.  Schematic diagram of a Dynamic Vapor Sorption Instrument (Surface Measurement 
Systems). 
 
 
 
 
Figure 2.17.  Schematic diagram of an AquaSorp Isotherm Generator (Decagon Devices 2007).  
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Figure 2.18.  Schematic diagram of a Thermogravimetric Analyzer (TA Instruments, 2006). 
 
 
 
 
 
 
Figure 2.19. Rayleigh and Raman scatting (Ozaki and Sasic 2008). 
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Figure 2.20.  Scattering of x-rays by an atom (Suryanarayana and Norton 1998). 
 
 
 
 
 
 
 
Figure 2.21.  Schematic of simplified X-ray diffraction system. 
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Tables 
 
Table 2.1. Common mathematical solid-state kinetic models, where    is a constant of integration 
(Khawam and Flanagan 2006). 
Model Differential form 
   )  
 
 
 
  
  
  
Integral form 
    )     
Nucleation models 
Power law (P2)            
Power law (P3)            
Power law (P4)            
Avrami-Erofeyev (A2)      )        )             )     
Avrami-Erofeyev (A3)      )        )             )     
Avrami-Erofeyev (A4)      )        )             )     
Prout-Tompkins (B1)      )   [
 
   
]     
Geometrical contraction models 
Contracting area (R2)      )          )    
Contracting volume (R3)      )          )    
Diffusion models 
1-D diffusion (D1)  
  
 
   
2-D diffusion (D2) 
 [
 
      )
] 
     )       )    
3-D diffusion – Jander (D3)      )   
        )    
 [      )
   ]
 
 
Ginstling-Bounshtein (D4)  
[ (    )
 
   )]
   
 
 
      )    
Reaction-order models 
Zero-order (F0/R1) 1   
First-order (F1)  
Mampel equation 
    )        ) 
Second-order (F2)     )  
[
 
   
]    
Third-order (F3)     )  
(
 
 
)      )      
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Table 2.2.  Particle/powder characteristics and factors affecting powder flowability (Juliano and Barbosa-
Canovas 2010). 
Particle properties Intrinsic factors 
Composition (type of material) 
Density (voidage) 
Particle size 
Particle shape 
Particle roughness 
Surface friction (coating) 
Particle compressibility (hardness, elasticity, ductility) 
Moisture 
Electrical properties (conductivity, capacitance, 
propensity to electrostatic charge) 
Temperature 
Air relative humidity 
Compaction level 
Coating, agglomeration 
Segregation 
Anticaking agents 
Powder Properties External forces 
Size distribution 
Bulk density 
Homogeneity (mixture type) 
Attrition level 
Powder compressibility 
Cohesiveness (powder stickiness) 
Coefficient of internal friction 
Coefficient of wall friction 
Feeding rate 
Vibration 
Hopper dimensions and design 
Discharge aids 
 
 
 
Table 2.3.  Tensile strength of powders determined by a vertical split cell 39 mm in diameter and 45 mm 
in length and moisture content, where NM is not measured.  The consolidation pressure was applied 25 
mm above the failure plane (adapted from Peleg 1977).   
  Tensile Strength (g/cm2) 
Powder Moisture (%) Compacted at 0.1 kg/cm2 Compacted at 0.4 kg/cm2 
Microcrystalline cellulose NM 1.3 4 
Citric acid NM 8 11 
Gelatin 9 0.015 0.04 
Onion 1.0 0.1 0.13 
Onion 4.5 0.3 1.5 
Soup mix NM 1 8 
Sucrose 0.2 3 4 
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Chapter 3: Determining the relative humidity and mechanism of the solid-state conversion of α-
anhydrous glucose to glucose monohydrate: Hydrate formation 
Abstract 
Water-solid interactions are known to play a major role in the chemical and physical stability of food 
materials.  The water-solid interaction of hydrate formation, specifically the solid-state transformation 
of crystalline α-anhydrous glucose (α-AG) to crystalline glucose monohydrate (GM), was of interest in 
this research. The objectives of this study were to: a) investigate the dynamic water sorption profile of 
α-AG, b) determine the dynamic and equilibrium hydrate formation parameters, the deliquescence 
point, RH0, and the storage stability of α-AG, and c) identify the mechanism of hydrate formation.  
Dynamic dewpoint isotherms (DDIs) of α-AG were obtained at 15, 25, and 35°C using an AquaSorp 
Isotherm Generator and used to determine the dynamic hydrate formation relative humidity (RH) value 
and deliquescence point at each temperature.  The RH of hydrate formation under equilibrium 
conditions was determined using saturated salt slurries ranging from 22 to 84%RH at 25°C for one year.  
The final sample composition (anhydrous or monohydrate) after one year of storage was determined 
using Raman spectroscopy.  Weight change as a function of time was obtained at 75, 80, and 85%RH at 
25°C for kinetic modeling, using a Dynamic Vapor Sorption (DVS) instrument. The calculated α-AG to GM 
conversion ratios as a function of time were then modeled using common mathematical solid-state 
kinetic models to determine the mechanism of hydrate formation.  Additionally, Raman spectroscopy 
was used to visually confirm the mechanism of hydrate formation by overlaying the intensity of α-AG 
and GM Raman spectra on the microscopic crystal image.  The DDIs captured the dynamic, solid-solid 
transformation of α-AG to GM, prior to deliquescence at all temperatures tested.  Deliquescence of α-
AG at 25 and 35°C was influenced by hydrate formation and the presence of GM under dynamic 
conditions and therfore a new term, dynamic deliquescence (RH0d), was used to report the 
deliquescence point.  The RH0d for α-AG was determined to be 90.5 and 80.9%RH at 25 and 35°C, 
respectively.  Dynamic hydrate formation in α-AG at 15°C was completed prior to deliquescence and was 
therefore reported as the RH0 for GM.  The dynamic hydrate formation RH value was determined to be 
81.5%RH at 25°C, whereas hydrate formation under equilibrium conditions was observed at 68%RH at 
25°C.  Storage under equilibrium conditions at and above 68%RH resulted in visible caking of α-AG, 
decreasing its storage stability.  The conversion of α-AG to GM can best be described to follow a 
nucleation mechanism, however, diffusion and/or geometric contraction mechanisms were also 
observed by Raman spectroscopy subsequent to the coalescence of initial nucleation sites. This research 
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is the first to report hydrate formation parameters under both dynamic and equilibrium conditions for 
crystalline α-AG. 
Introduction 
Hydrate formation occurs when water is incorporated into an anhydrous structure while remaining in 
the solid crystalline state (Heinz and others 2009).  The relative humidity and temperature of hydrate 
forming food or pharmaceutical ingredients must be monitored to ensure that the original 
manufactured form of the ingredient, anhydrous or hydrate, is maintained throughout transportation, 
storage, and use (Byrn and others 1995; Kajiwara and others 1999; Cesaro and others 2008; Trasi and 
others 2011).  Hydrate formers may be categorized into two groups based on the amount of water 
incorporated into the crystalline structure.  Stoichiometric hydrates have a defined amount of water in 
the lattice structure, whereas, nonstoichiometric hydrates may have variable amounts of water in the 
lattice structure.  A one-to-one (1:1) stoichiometric hydrate, referred to as a monohydrate, is the most 
common hydrate composition.  However, higher hydration numbers (1:2, 1:3, etc.) and 
nonstoichiometric hydrates can also be found (Brittain and others 2009, Alneck and Zografi 1990).  
Hydrate formers may also be categorized into three groups based on the position of the water 
molecules within the lattice structure (Vippagunta and others 2001).  The water molecules of an isolated 
site hydrate do not come in contact with each other, being separated by the crystalline material in all 
directions.  Conversely, the water molecules of a channel hydrate lie next to each other, forming a 
channel along an axis of the crystalline lattice.  Lastly, ion-associated hydrates have water molecules 
strongly associated with ions, such as metal ions, throughout the crystalline structure (Brittain and 
others 2009). 
Each hydrate former is unique and analytical experiments are still used to determine if a material forms 
a hydrate, the structure of the hydrate, and how many polymorphs are possible (Byrn and others 1995).  
Materials must undergo moisture uptake studies, after which composition and structure can be 
confirmed using X-ray diffraction, differential scanning calorimetry (DSC), thermogravimetric analysis 
(TGA), as well as other analytical techniques.  Several organic and inorganic food ingredients form 
hydrates including; glucose, maltose, trehalose, lactose, raffinose, sorbitol, and citric acid, all which have 
unique hydrate formation behavior.  Raffinose, for example, can form several different stoichiometric 
hydrates, including a pentahydrate, quantaryhydrate, and trihydrate (Saleki-Gerhardt and others 1995; 
Kajiwara and Franks 1997).  Whereas, sorbitol forms a 2/3 hydrate, with three possible polymorphic 
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structures, alpha-, beta-, and gamma-hydrates (Nezzal and others 2009).  Each hydrate former must be 
studied individually to determine both the parameters and mechanism of hydrate formation. 
Solid-state reactions, such as hydrate formation, have previously been studied using solid-state reaction 
kinetics (Yoshii and others 2000; Wikström and others 2009).  By applying common mathematical solid-
state kinetic models to quantitative data, an unknown mechanism of interest can be identified using the 
best fit equation approach.  Several criteria can be used to identify the best fit including; correlation 
coefficient, standard error of the slope of the regression line, standard error of the regression, and 
residual plots.  Additionally, complementary chemical or structurally sensitive techniques can be used to 
confirm the mathematically derived model (Khawam and Flanagan 2006; Brown and Galwey 1979).   
Mathlouthi and others (2012) reported that the kinetic trend of glucose hydrate formation follows a 
zero order rate when held at 97%RH at 20°C for 105 minutes.  However, no other kinetic studies of 
hydrate formation in glucose were found in the literature.  Therefore, the major objectives of this study 
are to: a) investigate the dynamic water sorption profile of α-AG, b) determine the dynamic and 
equilibrium hydrate formation parameters, the dynamic deliquescence point (RH0d), and the storage 
stability of α-AG, and c) identify the mechanism of hydrate formation.   
Materials and methods  
Materials 
α-AG, sold as anhydrous dextrose, was provided by Ingredion Incorporated (Westchester, IL) and the 
moisture content was determined to be 0.02 ± 0.002% db by coulometric Karl Fisher titration measured 
in duplicate by Tate & Lyle.  GM, sold as dextrose, was also provided by Ingredion Incorporated.  
Ingredients were capped, sealed with parafilm, and stored at room temperature between uses.  These 
α-AG and GM samples were also used as the standards for Raman spectroscopy.  
Dynamic dewpoint isotherm generation  
Dynamic dewpoint isotherms (DDIs) were generated in triplicate using the AquaSorp Isotherm 
Generator (Decagon Devices, Pullman, WA).  In adsorption mode, the AquaSorp instrument exposes the 
sample to 100% RH air and after a small change in water activity, aw, of approximately 0.01 to 0.015, 
airflow is halted and a snapshot of the dynamic sorption process is obtained by measuring both weight 
change and aw, producing a DDI (Decagon Devices 2007; Carter and Fontana 2008; Schmidt and Lee 
2012).  Since isotherms are traditionally generated under equilibrium (or steady state) conditions, such 
as when using saturated salt slurries (Kontny and Zografi 1995; Bell and Labuza 2000), the term dynamic 
dewpoint isotherm may be unconventional, since equilibrium conditions may or may not apply, 
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depending on the nature of the material under study. For example, Schmidt and Lee (2012) reported 
that DDIs exhibited similar sorption behavior to saturated salt slurry isotherms in the case of dent corn 
starch, isolated soy protein, microcrystalline cellulose, and crystalline sucrose, but not in the case of 
corn flakes. However, in order to be consistent with the current literature (Carter and Fontana 2008; Yao 
and others 2011; Schmidt and Lee 2012), the term DDI will be used throughout this research.  Other 
researchers may choose to use an alternative term, such as Dynamic Dewpoint Sorption (DDS) profiles 
or curves, as used by Ghorab and others (2014), to avoid confusion with isotherms that are generated 
using equilibrium methods.  The AquaSorp was verified using salt solutions of 13.41m LiCl (0.250 aw) and 
6.0m NaCl (0.760 aw) at 25C, according to the Operator’s Manual (Decagon Devices 2007).  The α-AG 
sample (300 to 400 mg) was ramped using a flow rate of 300 mL/min from its initial “as is” aw value to 
0.95.  The initial “as is” aw of α-AG, measured using the AquaLab Series 4TE (Decagon Devices, Pullman, 
WA), ranged from 0.21 to 0.56 at 25°C, depending on the relative humidity of the room on the day the 
aw measurements were taken. This large variation in aw is expected due to rapid adsorption of surface 
water by crystalline solids when exposed to different room relative humidity values. The measured aw 
value of a crystalline material is not constant, but rather quickly mirrors the %RH of its environment 
(Schmidt 2012).  The DDIs were generated at 15, 25, and 35°C and the recorded sample mass was 
converted to moisture content (%db) using the initial α-AG moisture content. 
Dynamic hydrate formation and deliquescence RH determination  
The dynamic hydrate formation relative humidity was determined as the first large increase in moisture 
content prior to the deliquescence event.  It is important to note that there is also an increase in aw 
associated with hydrate formation, due to the AquaSorp data collection method.  Ideally, DDI data 
points are collected at a resolution of approximately 0.01 to 0.015 aw, where an algorithm bases the 
length of time between aw measurements on the resolution of the previous aw measurements.  The 
amount of time needed to maintain this resolution changes as the sorption behavior of α-AG begins to 
reflect hydrate formation and a higher aw value is achieved in the allotted time than predicted by the 
algorithm (observed as a gap in the isotherm data).  Although the increase in aw occurs close to the 
onset of hydrate formation, it is dependent on the algorithm and sampling method of the AquaSorp and 
therefore was not chosen as the criteria for determining the dynamic hydrate formation relative 
humidity.   
The deliquescence point can be determined by:  1) the first aw value after the deliquescence event, 2) 
the aw value at the extrapolated intersection of the linear portions of the isotherm, or 3) the RH value 
where the moisture content changed the most quickly, using a mathematical second derivative 
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equation.  Using these three methods, Yao and others (2011) reported no significant differences in RH0 
values for sucrose at 25°C.  Due to the complexity of water-solid interactions under dynamic conditions, 
the DDI for α-AG does not follow the typical type III isotherm; instead the DDI displays two increases in 
moisture content, the first increase is attributed to hydrate formation and the second to deliquescence.  
Deliquescence of α-AG is reported as the dynamic deliquescence point (RH0d), when deliquescence is 
influenced by hydrate formation and the presence of GM under dynamic conditions.  However, if 
complete hydrate formation is determined to occur prior to deliquescence, or no hydrate formation 
occurs as in the case of sucrose (Schmidt and Lee 2012), the traditional RH0 will be utilized.  The RH0 or 
RH0d was determined using method one above - the first aw value after the deliquescence event.  Both 
the dynamic hydrate formation RH and the RH0/RH0d values are reported as an average of triplicate 
trials.   
Saturated salt slurry preparation  
Ten saturated salt slurries were utilized to create the constant relative humidity environments used to 
study hydrate formation.  The salts, listed in Table 3.1, were prepared by adding excess salt to 50 ml of 
distilled deionized water.  The slurries were heated to 50°C and stirred on a stir plate for 2 hours.  The 
saturated salt slurries were then allowed to cool to room temperature.  The salt slurries contained 
excess salt crystals, assessed visually, with a continuous thin layer of saturated solution (about 1.5 to 
2mm thick) above the salt crystals.  The aw of each salt solution was measured using the AquaLab Series 
4TE (Decagon Devices, Pullman, WA) and were found to be within ±0.01 of the aw value (±1%RH) of the 
reported literature values (Table 3.1).  Sample plastic containers were placed above the saturated salt 
slurries on pressure guards (3-legged pizza saver tables, also called a box tent) in Lock & Lock Boxes 
(Heritage Mint, Ltd., Scottsdale, AZ) as shown in Figure 3.1.  These smaller versions of desiccators 
measure only 90 x 50 x 70mm, shortening the required equilibration time (Lang and others 1981).  
Determining hydrate formation under equilibrium conditions 
Four replicates of α-AG samples (1.5g) were observed for one year with mass measurements taken 
weekly until month nine and every 4 weeks thereafter at each relative humidity (22 to 84%RH).  Mass 
measurements were completed quickly using an analytical balance and returned to the Lock & Lock 
Boxes to limit exposure to ambient conditions.  The recorded sample mass was then converted to 
moisture content (%db) using the initial α-AG moisture content.  Any samples that spilled or were 
observed to have been contaminated were discontinued for mass measurements.  Equilibrium was 
determined by consecutive mass measurements with a mass change of less 2mg/g gram dry weight (Bell 
and Labuza 2000).  However, during chemical change (e.g. hydration formation in α-AG), the kinetics of 
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the event may be slow enough that the established criterion does not apply.  During each mass 
measurement, clumping or caking observations were also recorded and pictures of samples were taken 
using a Canon PowerShot G3 camera.  Caking observations from this experiment were used to establish 
the relative humidity conditions for further investigation of α-AG caking in Chapter 5. 
Raman Spectroscopy 
At the end of the year-long study, samples were analyzed using Raman spectroscopy. The FT-Raman 
spectra were obtained using a Nanophoton Raman system with a Nd:YAG laser (Nanophoton 
Corporation, Osaka, Japan) using an excitation wavelength of 1064nm.  Using the x-y imaging option, the 
laser was focused through a slit width of 60 um, with power up to 5.5 mW, the spectra was collected 
from an adjustable frame at an exposure of 5 seconds per spectra line.  Spectra from commercial α-AG 
and GM samples were analyzed for distinctive intensity peaks, differentiating the forms. These spectra 
differences were then used to analyze to conversion of α-AG to GM in the desiccator and hydrate 
formation kinetic studies herein.  
Determining hydrate formation kinetics 
Using the Dynamic Vapor Sorption Advantage System (DVS) from Surface Measurements Systems 
(London, UK), α-AG was first dried at 0%RH for 300 minutes and then ramped and held at 75, 80, or 
85%RH at 25°C for approximately 500 hours or until the dm/dt criteria of less than 0.0005% was met, 
using a nitrogen flow rate of 200 sccm. Once the appropriative relative humidity was achieved 
(approximately 10 minutes), the percent α-AG converted to GM, as a function of time, was used to 
model the solid-state reaction of hydrate formation.  Several common mathematical solid-state reaction 
models (Table 3.2) were used to model the data and the maximum correlation coefficient (R2), average 
standard error of the slope, and residual plots were used to select the best fit equation(s).  Standardized 
residuals (residuals rescaled by the regression standard error) were plotted as the observed versus the 
predicted values, where randomly distributed residuals with a mean of zero indicates a sound regression 
model and trends present in the residual plot indicates the model does not completely describe the data 
set (Brown and Galwey 1979).   
Additionally, Raman spectroscopy was used to confirm the mechanism determined by mathematical 
modeling.  Using the DVS protocol from above, α-AG was ramped and held at 85%RH at 25°C and 
samples were collected every 210 minutes throughout the solid-state reaction of hydrate formation for 
a total of ten samples.  The samples were confirmed as α-AG and/or GM using the Raman spectroscopy 
protocol detailed previously.  A ratio of the intensity of α-AG to GM Raman spectra was then overlaid on 
the microscopic image of the sample in order to visually assess the mechanism of hydrate formation.  A 
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color scale was then used to discern the spectra, if the intensity of α-AG’s characteristic peaks was high, 
the crystal appeared pink and if the intensity of GM’s characteristic peaks was high, the crystal appeared 
blue.  Beyond the crystal, the background may appear blue or pink due to background noise, but is not 
reflective of sample composition, since the characteristic peaks of α-AG and GM are not present. 
Results and discussion 
Dynamic dewpoint isotherms  
The DDI of α-AG at 15°C follows a unique isotherm pattern increasing to 10% db moisture content, the 
theortical mositure content of GM, prior to the onset of deliquescence, seen as the ‘bump’ in the 15°C 
DDI in Figure 3.2.  Additionally, the isotherm at 15°C displays an atypical sorption pattern, where after a 
small increase in moisture content and aw, the moisture content increases (1.8 to 4.0%db) and the aw 
decreases (0.878 to 0.849).  The DDI of α-AG at 25°C increases to a moisture content of 1% db prior to 
the onset of deliquescence (Figure 3.2), with the aw and mositure content scaled for observation and 
annotated in Figure 3.3.  The DDI of α-AG at 35°C increases to a moisture content of 0.8%db prior to the 
onset of deliquescence (Figure 3.2). 
It is proposed that α-AG is able to at least partially convert to GM prior to deliquescence at 15, 25, and 
35°C.  Typically, crystalline materials increase in moisture content slightly during RH storage due to 
surface moisture adsorption and capillary condensation (Ahlneck and Zografi 1990; Kontny and Zografi 
1995; Billings and others 2006; Newman and others 2008).  Stoklosa and others (2012) reported glass 
beads to sorb less than 0.08g water per 100g solid during storage from 5 to 95%RH at 25°C.  Thus, 
hydrate formation explains the atypical increase in mositure content (ranging in samples from 0.7 to 10g 
water per 100g α-AG at 35 and 15°C, respectively) observed prior to deliquescence at all temperatures 
studied.  Hydrate formation also explains the atypical aw pattern of α-AG at 15°C.  As water enters the α-
AG crystal lattice during hydrate formation, it no longer contributes to aw, which is observed in the α-AG 
isotherm at 15°C (Figure 3.2) as an increase in moisture content, but a decrease in aw. Since dynamic 
hydrate formation begins prior to deliquescence, changing the material being studied, deliquescence is 
not attributable solely to α-AG, but rather is influenced by the presence of GM under dynamic 
conditions. Thus, it is important to keep in mind that the dynamic deliquescence points (RH0d) for α-AG 
reported in Table 3.3 at 25 and 35°C are determined from the DDIs and are influenced by a chemical 
change (e.g. hydrate formation) under dynamic conditions at 100%RH.  However, since α-AG increased 
to 10%db (stociometric moisture content of GM) and reached equilibrium before the deliquescence 
event,  hydrate formation was determined to be complete in samples during dynamic sorption at 15°C 
prior to deliquescence.  Therefore, the deliquescence point for α-AG is reported in Table 3.3 as the RH0 
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for GM.  The RH0d, although measured dynamically, falls within the reported RH0 range of 89-91%RH for 
α-AG at 25°C (Salameh and others 2006; Rüegg and Blanc 1981; Peng and others 2001).  However, no 
mention of hydrate formation was reported in the α-AG deliquescence literature found.  To our 
knowledge, this is the first dynamic hydrate formation RH and RH0d reported in the literature for any 
material, made possible by the dynamic conditions of the AquaSorp Isotherm Generator.  As expected, 
both the dynamic hydrate formation RH and RH0d decrease with increasing temperature as observed for 
other materials (Lipasek and others 2013; Mauer and Taylor 2010; Brittain and others 2009).   
Hydrate formation under equilibrium conditions 
To identify the parameters and mechansim of hydrate formation under equilibrium conditions, α-AG 
was studied over time in desiccators at 22 through 84%RH at 25°C.  α-AG stored at 68, 75, and 84%RH 
increased in moisture content to 9.15, 10.15, and 10.52%db, respectively, approaching or being slightly 
greater than the moisture content of stoichiometric GM, 10%db (Figure 3.4).  α-AG samples stored at 75 
and 84%RH sorbed slightly more water than expected for full hydrate formation (>10% db), which may 
be attributed to capillary condensation, also observed in sucrose stored at high RH values (Billings and 
others 2006).  As expected, the samples stored at higher RH values increased in moisture content 
quickly; samples held at 84%RH reached complete hydrate formation in less than one week, whereas, 
samples held at 68%RH reached complete hydrate formation in one year.  α-AG stored at 64%RH gained 
a small amount of moisture, 0.45% db, over the one year experimental time frame.  The increase in 
moisture content was steady, but extremely slow (Figure 3.5).  The α-AG sample stored at 64%RH does 
not appear to be in equilibrium despite reaching the previously established equilibrium criterion 
detailed in the Materials and Methods section (Bell and Labuza 2000).  Samples stored at 22 through 
58%RH adsorbed a very small amount of water initially and then remained in equilibrium throughout the 
year-long study.  For example, α-AG stored at 58%RH increased to 0.17%db, which was not much 
greater than the initial moisture content of α-AG (0.02%db). 
Using the final moisture contents of α-AG samples stored from 22 to 84%RH from the above year-long 
desiccator study, an equilibrium isotherm of α-AG from 0.22 to 0.84 aw at 25°C is shown in Figure 3.6.  
The increase in moisture content at 0.68 through 0.84 aw is attributed to hydrate formation in α-AG 
samples, in addition to surface moisture adsorption and capillary condensation.  Deliquescence was not 
observed in the desiccator study, confirming that under equilibrium conditions completion of hydrate 
formation in α-AG occurs prior to deliquescence.  Comparatively, the DDI of α-AG at 25°C (Figure 3.2) 
increased in moisture content to 1%db due to dynamic hydrate formation at 0.815±0.010 aw, well below 
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the stoichiometric GM moisture content.  Due to the dynamic conditions of the AquaSorp, hydrate 
formation at 25°C is not complete prior to deliquescence. 
Raman spectroscopy was found to be a suitable technique to distinguish between crystalline α-AG and 
GM, specifically in the spectra range of 400-600cm−1.  Raman peaks at 406-413 and 546-552cm¯¹ were 
used to characterize α-AG (shown in red in Figure 3.7), whereas peaks of 424-430 and 518-526cm¯¹ were 
used to characterize GM (shown in blue in Figure 3.7).  After one year of storage, α-AG samples held at 
22 through 64%RH were identified as α-AG, whereas samples held at 68 through 84%RH were identified 
as GM.  Although α-AG stored at 64%RH had a small increase in moisture content (0.45%db), no GM was 
detected in the samples.  Therefore, the critical relative humidity for α-AG hydrate formation under 
equilibrium conditions was determined to be between 64 and 68%RH at 25°C.  Extended storage beyond 
one year may induce hydrate formation of α-AG at lower relatives humidity values (e.g., 64%RH), and 
may be of interest, since the shelf life of α-AG is given as three years by the manufacturer, as listed on 
the α-AG material specification sheet (Appendix C), however three years was beyond the time frame for 
this research. 
Storage at increased RH values resulted in an increased degree of caking of α-AG (Figure 3.8).  Samples 
stored at 68, 75, and 84%RH all experienced visible caking; whereas, α-AG samples stored at 22 through 
64%RH displayed minimal clumping, which did not affect their flowability.  This is in agreement with 
previous handling parameters for α-AG, which recommended storage at or below 55%RH and 30°C to 
avoid caking (Mulvihill 1992).  The physical stability and water-solid interactions responsible for the 
caking of α-AG during storage will be reported in Chapter 5. 
Hydrate formation mechanism  
α-AG held in the DVS at 75, 80, and 85%RH reached moisture content values similar to equilibrium 
storage over saturated salt slurries at 25°C (Figure 3.9) however, two different rates of moisture 
sorption were observed in the profile.  The initial, rapid moisture sorption (0 to 10 minutes) is attributed 
to adsorption and capillary condensation, whereas the slower moisture sorption (>10 minutes) is 
attributed to hydrate formation (Figure 3.10).   Therefore, as detailed in the Materials and Methods 
section, only the hydrate formation data was modeled to determine the best fit mathematical solid-
state kinetic model of hydrate formation.  Several of the models had an R2 value above 0.95 and a 
standard error of the slope below 2 x 10-4, as reported in Tables 3.4 and 3.5 respectively.  Therefore, the 
mechanism models with the highest R2, Prout-Tompkins equation at 0.979, and lowest standard error of 
the slope, Avrami-Erofeyev (A4) equation at 2.98 x 10-5, were chosen as the best fit models.  Both 
models are nucleation based models.  Residual plots of the Prout-Tompkins and Avrami-Erofeyev (A4) 
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models both displayed a systematic pattern (Figure 3.11); confirming that neither solid-state kinetic 
mechanism model describes the data completely.  Some variation in the residual plots is expected at the 
initial and final time points due to the variability of the starting material (e.g. defect level, crystal size, 
number of contact points, etc.) and percent yield of the reaction; however the residual plots display a 
pattern throughout hydrate formation, suggesting the possibility of multiple mechanisms of hydrate 
formation as seen in other hydrate forming materials (Brittain and others 2009; Brown and Galwey 
1979). 
Raman spectroscopy was used to further determine the mechanism(s) of hydrate formation.  The 
microscopic images of α-AG, overlaid with the intensity of α-AG and GM spectra are shown in Figure 
3.12.  If the intensity of α-AG is high the area appears pink, whereas if the intensity of GM is high the 
area appears blue.  Hydrate formation in α-AG begins at nucleation sites, displayed by the small GM 
(blue) spots appearing on the crystal from 3.5 through 10 hours at 85%RH.  These nucleation sites 
eventually coalesce, which is taken into account in the nucleation equations, and observed in some 
crystals detected as completely GM (completely blue) on the surface by 14 hours.  Other crystals still 
have α-AG present on the surface (from 21 to 28 hours), but it is concentrated in the center of the 
crystal surface, which is more typical of diffusion and geometric contraction mechanisms.  All crystals 
were identified as GM by 31.5 hours.  Although nucleation is the best-fit mathematical model and the 
main mechanism observed early on during hydrate formation via the Raman spectroscopy analysis, 
additional mechanisms of diffusion and/or geometric contraction observed later on may also occur 
during hydrate formation of α-AG to GM.   
The mechanisms identified under the experimental conditions used herein, would not necessarily be 
applicable to other samples or experimental conditions.  For example, the nucleation mechanism is 
dependent on the number of nucleation points (such as surface defects) present in a sample and 
therefore, the crystallization method and source of α-AG crystals will impact the kinetics observed.  Only 
one other α-AG hydrate formation study was found in the literature, which reported that the “kinetic 
trend after a certain time lag was that of a zero order rate” when stored for 105 minutes at 97%RH at 
25°C (Mathlouthi and others 2012). Reaction order kinetics are similar to homogenous kinetic models, 
where the reaction rate is proportional to the concentration of product (or reactant) raised to a power.  
Zero-order reactions occur at a constant rate independent of product/reactant concentration (Galwey 
and Brown 1999; Khawam and Flanagan 2006).  It is important to note that the kinetic modeling of the 
experiments herein used numerous data points (>100 points) and Raman spectroscopy was used to 
support the mathematical evidence of the solid-state reaction of hydrate formation in α-AG.   
  
 
55 
 
Conclusions 
Despite its use throughout the food industry, hydrate formation RH parameters for α-AG were not 
found in the published literature.  Additionally, prolonged storage of α-AG below its deliquescence point 
has not previously been considered a source of instability.  However, the research herein shows that α-
AG, above a certain %RH value, can be converted during storage to GM, and increasing the storage RH 
decreases the time needed for complete hydrate formation. For example, under equilibrium conditions, 
α-AG under goes complete conversion in one year at 68% and 25°C, whereas, complete conversion took 
less than one week at 84% RH and 25°C.  Caking observed in α-AG during equilibrium storage will be 
further investigated in Chapter 5. 
When exposed to 100%RH in the AquaSorp at 15, 25, and 35°C, α-AG begins hydrate formation, 
converting at least partially to GM, prior to deliquescence.  Therefore, the researchers introduce a new 
term, dynamic deliquescence point (RH0d), to describe the deliquescence point of α-AG at 25 and 35°C, 
which in this case is influenced by hydrate formation, under dynamic conditions.  Hydrate formation in 
α-AG, stored at 85%RH at 25°C, can best be described as following the solid-state reaction mechanism of 
nucleation, however, diffusion and/or geometric contraction mechanisms may also play a role after 
initial nucleation in the hydrate formation process (after 21 hours).  Raman spectroscopy introduces a 
new way to visualize hydrate formation in α-AG. 
Other hydrate-forming materials under certain conditions may experience deliquescence prior to or at 
the same time as hydrate formation.  Further research is needed to investigate the competing water-
solid interactions of hydrate formation and deliquescence in hydrate forming materials.  A fitted 
mathematical model for hydration formation introducing additional terms or including possible diffusion 
or geometric contraction models, was outside the scope of this research, however may be of use to 
describe hydrate formation in the future.  Additionally, investigating of the effects of particle size and 
number of surface defects on hydrate formation kinetics and mechanism may be of value.   
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Figures 
 
Figure 3.1.  Lock & Lock Box desiccator set-up:  pressure guards raising plastic sample containers above 
the saturated salt slurry.   
 
 
Figure 3.2.  DDIs of α-AG at 15, 25, 35°C, and composite of all temperature from 0.6 to 1.0 aw. 
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Figure 3.3.  DDI for α-AG at 25°C from 0.6 to 1.0 aw and 0 to 10%db. 
 
 
 
 
 
 
Figure 3.4.  Moisture content (%db) of α-AG stored from 22 through 84%RH in desiccator study at 25°C 
for one year. 
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Figure 3.5.  Moisture content (%db) of α-AG stored from 22 through 64%RH in desiccator study at 25°C 
for one year. 
 
 
 
 
Figure 3.6.  Equilibrium isotherm of α-AG from 0.22 to 0.84 aw using the final moisture content of α-AG 
samples stored from 22 to 84%RH at 25° for one year.   
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Figure 3.7.  Raman spectra, labeled characteristic peaks, and 10X microscopic images of α-AG and GM 
overlaid with intensity of the Raman spectra of α-AG (pink) and GM (blue). 
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Figure 3.8.  Image, storage relative humidity (%RH), composition as determined by Raman spectroscopy, 
moisture content, and caking description of α-AG held from 22 through 84% RH at 25°C for one year. 
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Figure 3.9.  Moisture content (% db) of α-AG (A) and percent α-AG converted to GM (B) in DVS study at 
75, 80, and 85% RH at 25°C. 
 
 
 
 
Figure 3.10.  Moisture content of α-AG held at 85% RH and 25°C in the DVS from 0 to 30 hours. 
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Figure 3.11.  Residual plots of the Prout-Tompkins and Avrami-Erofeyev (A4) equations from DVS data of 
α-AG held at 85% RH and 25°C. 
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Figure 3.12.  Color scale of Raman spectra intensity, microscopic images of α-AG overlaid with intensity 
of the Raman spectra of α-AG (pink) and GM (blue), hours of storage at 85% RH at 25°C in DVS, and 
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Tables 
Table 3.1.  Equilibrium relative humidity of saturated salt slurries at 25°C used for α-AG desiccators. 
Salt %RH 
KC2H3O2 22.51±0.32
1 
MgCl2 32.78±0.16
1 
NaI 38.17±0.501 
K2Co3 43.16±0.39
1 
Mg(NO3)2 52.89±0.22
1 
NaBr 57.57±0.401 
NaNO2 64.4
2 
KI 68.86±0.241 
NaCl 75.29±0.121 
KCl 84.34±0.261 
1Greenspan (1997), 2Young (1967) 
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Table 3.2.  Common mathematical solid-state kinetic models, where    is a constant of integration 
(Khawam and Flanagan 2006). 
Model Differential form 
   )  
 
 
 
  
  
 
Integral form 
   )     
Nucleation models 
Power law (P2)            
Power law (P3)            
Power law (P4)            
Avrami-Erofeyev (A2)      )        )             )     
Avrami-Erofeyev (A3)      )        )             )     
Avrami-Erofeyev (A4)      )        )             )     
Prout-Tompkins (B1)      )   [
 
   
]     
Geometrical contraction models 
Contracting area (R2)      )          )    
Contracting volume (R3)      )          )    
Diffusion models 
1-D diffusion (D1)  
  
 
   
2-D diffusion (D2) 
 [
 
      )
] 
     )       )    
3-D diffusion – Jander (D3)      )   
        )    
 [      )
   ]
 
 
Ginstling-Bounshtein (D4)  
[ (    )
 
   )]
   
 
 
      )    
Reaction-order models 
Zero-order (F0/R1) 1   
First-order (F1)  
Mampel equation 
    )        ) 
Second-order (F2)     )  
[
 
   
]    
Third-order (F3)     )  
(
 
 
)      )      
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Table 3.3. Dynamic hydrate formation RH and deliquescence point (RH0) for GM at 15°C and dynamic 
deliquescence point (RH0d) for α-AG as influenced by the presence of GM at 25 and 35°C. The GM in 
both cases was created by hydrate formation of α-AG during the AquaSorp experiment. 
 Dynamic hydrate 
formation RH 
RH0, RH0d*  
15°C 0.858±0.016 0.934±0.002 
25°C 0.815±0.010 0.905±0.002* 
35°C 0.753±0.016 0.809±0.004* 
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Table 3.4.  Common mathematical solid-state kinetic models, where    is a constant of integration, and R2 values for each trial of the conversion 
of α-AG to GM held in the DVS at 25°C and 75, 80, and 85%RH.   
 
  R2 values 
Model Integral form 
    )     
75%RH 75%RH 80%RH 80%RH 85%RH 85%RH Average 
  Nucleation models 
Power law (P2)      0.91518 0.89354 0.92773 0.94382 0.95694 0.94132 0.92976 
Power law (P3)      0.90657 0.87007 0.92667 0.94606 0.94931 0.92539 0.92068 
Power law (P4)      0.89809 0.85437 0.92366 0.94406 0.94026 0.91257 0.91217 
Avrami-Erofeyev (A2)         )     0.96512 0.97677 0.93029 0.92456 0.95060 0.95260 0.94999 
Avrami-Erofeyev (A3)         )     0.97453 0.96523 0.96346 0.96374 0.98561 0.98781 0.97340 
Avrami-Erofeyev (A4)         )     0.89809 0.95209 0.97298 0.97680 0.99410 0.99432 0.96473 
Prout-Tompkins (B1)   [
 
   
]     0.98419 0.95294 0.98026 0.98126 0.99597 0.97746 0.97868 
Geometrical contraction models 
Contracting area (R2)       )    0.93114 0.95639 0.90797 0.89944 0.92200 0.94760 0.92742 
Contracting volume (R3)       )    0.92880 0.95999 0.89111 0.87760 0.89860 0.92653 0.91377 
Diffusion models 
1-D diffusion (D1)    0.91345 0.92804 0.86826 0.85681 0.87746 0.90773 0.89196 
2-D diffusion (D2)      )       )    0.89067 0.92888 0.84852 0.82869 0.84446 0.88558 0.87113 
3-D diffusion – Jander (D3) [      )   ]
 
 0.84575 0.90126 0.75677 0.72726 0.73609 0.76813 0.78921 
Ginstling-Bounshtein (D4) 
  
 
 
      )    
0.88322 0.92423 0.82998 0.80568 0.81806 0.86305 0.85404 
Reaction-order models 
Zero-order (F0/R1)   0.91345 0.92513 0.91149 0.91615 0.93938 0.94580 0.92523 
First-order (F1) Mampel equation        ) 0.89125 0.94793 0.77922 0.76562 0.79444 0.76544 0.82398 
Second-order (F2) 
[
 
   
]    
0.47641 0.75205 0.08059 0.09556 0.24147 0.08445 0.28842 
Third-order (F3) 
(
 
 
)      )      
0.93114 0.53913 0.02517 0.02568 0.09667 0.05688 0.27911 
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Table 3.5.  Common mathematical solid-state kinetic models, where    is a constant of integration, and average standard error of the slope 
values for each trial of the conversion of α-AG to GM held in the DVS at 25°C and 75, 80, and 85%RH. 
  Average Standard Error 
Model Integral form 
   )     
75%RH 75%RH 80%RH 80%RH 85%RH 85%RH Average 
  Nucleation models 
Power law (P2)      3.25E-04 5.55E-04 3.86E-03 2.64E-03 1.43E-02 1.70E-02 6.44E-03 
Power law (P3)      3.02E-04 5.35E-04 3.39E-03 2.23E-03 1.34E-02 1.64E-02 6.06E-03 
Power law (P4)      2.79E-04 4.95E-04 3.02E-03 1.97E-03 1.27E-02 1.54E-02 5.64E-03 
Avrami-Erofeyev (A2)         )     4.02E-04 4.75E-04 7.94E-03 6.26E-03 3.06E-02 3.38E-02 1.32E-02 
Avrami-Erofeyev (A3)         )     2.53E-04 4.32E-04 4.08E-03 3.09E-03 1.19E-02 1.18E-02 5.26E-03 
Avrami-Erofeyev (A4)         )     2.79E-04 4.12E-04 2.79E-03 1.96E-03 6.07E-03 6.34E-03 2.98E-03 
Prout-Tompkins (B1)   [
 
   
]     1.28E-03 3.06E-03 1.87E-02 1.35E-02 3.85E-02 9.97E-02 2.91E-02 
Geometrical contraction models 
Contracting area (R2)       )    2.66E-04 3.18E-04 4.12E-03 3.34E-03 1.80E-02 1.60E-02 7.01E-03 
Contracting volume (R3)       )    2.25E-04 2.48E-04 3.83E-03 3.12E-03 1.73E-02 1.64E-02 6.85E-03 
Diffusion models 
1-D diffusion (D1)    3.56E-04 4.96E-04 5.66E-03 4.64E-03 2.65E-02 2.47E-02 1.04E-02 
2-D diffusion (D2)      )       )    3.56E-04 4.34E-04 5.61E-03 4.63E-03 2.72E-02 2.55E-02 1.06E-02 
3-D diffusion – Jander (D3) [      )   ]
 
 2.37E-04 2.57E-04 4.46E-03 3.53E-03 2.09E-02 2.35E-02 8.80E-03 
Ginstling-Bounshtein (D4) 
  
 
 
      )    
1.09E-04 1.29E-04 1.80E-03 1.48E-03 8.79E-03 8.51E-03 3.47E-03 
Reaction-order models 
Zero-order (F0/R1)   3.56E-04 5.14E-04 4.70E-03 3.60E-03 1.88E-02 1.87E-02 7.77E-03 
First-order (F1) Mampel 
equation 
       ) 1.45E-03 1.36E-03 3.27E-02 2.48E-02 1.36E-01 1.86E-01 6.38E-02 
Second-order (F2) 
[
 
   
]    
5.24E-02 2.23E-02 1.07E+01 4.46E+00 8.50E+00 9.84E+01 2.03E+01 
Third-order (F3) 
(
 
 
)      )      
1.33E-04 4.47E-01 1.53E+04 3.40E+03 1.23E+03 1.52E+05 2.86E+04 
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Chapter 4: Determining the relative humidity and mechanism of the solid-state conversion of glucose 
monohydrate to α-anhydrous glucose: Hydrate loss 
Abstract 
Similar to hydrate formation, hydrate loss may influence a material’s flowability and occurs at a critical 
relative humidity and temperature.  The solid-state transformation of crystalline glucose monohydrate 
(GM) to crystalline α-anhydrous glucose (α-AG) was of interest in this research.  The objectives of this 
study were to: a) investigate the dynamic water sorption profile of GM, b) determine the dynamic and 
equilibrium hydrate loss parameters, the deliquescence point (RH0), and the storage stability of GM, and 
c) identify the mechanism of hydrate loss.  Dynamic dewpoint isotherms (DDIs) of GM at 15, 25, and 
35°C were obtained using an AquaSorp Isotherm Generator and used to determine the dynamic hydrate 
formation relative humidity (RH) value and deliquescence point at each temperature. The RH of hydrate 
loss under equilibrium conditions was determined using saturated salt slurries ranging from 0 to 84%RH 
at 25°C for one year.  The final composition (anhydrous or monohydrate) after one year of storage was 
determined using Raman spectroscopy.  The critical temperature for hydrate loss was determined using 
Thermogravimetric Analysis with a 10°C/min heating rate. Weight change as a function of time was 
obtained at 0%RH at 35, 40, and 45°C for kinetic modeling, using a Dynamic Vapor Sorption (DVS) 
instrument.  The calculated GM to α-AG conversion ratios as a function of time were then modeled 
using common mathematical solid-state kinetic models to determine the mechanism of hydrate loss.  
Additionally, Raman spectroscopy was used to visually confirm the mechanism of hydrate loss by 
overlaying the intensity of GM and α-AG Raman spectra on the microscopic crystal image.  The DDIs 
captured hydrate formation, in addition to other water-solid interactions, prior to deliquescence due the 
exposure of GM to 100%RH in the AquaSorp Isotherm Generator.  Deliquescence of GM at all 
temperature tested was influenced by additional water solid-interactions and therfore a new term, 
dynamic deliquescence (RH0d), was used to reported the deliquescence value.  The dynamic RH0d for GM 
at 25°C was determined to 91.1%, matching the reported literature value of GM RH0.  Hydrate loss 
under equilibrium conditions was observed to occur at 11%RH at 25°C.  Storage under equilibrium 
conditions at and above 53%RH resulted in visible caking of GM, decreasing its storage stability.  The 
conversion of GM to α-AG follows nucleation and diffusion mechanisms.   
Introduction 
Hydrate loss occurs when water is removed from the hydrated structure while the material remains in 
the solid state (Heinz and others 2009) and can affect the flowability of a material (Trasi and others 
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2011; Sun 2009).  Hydrate loss can result in one of three simplified outcomes; 1) an anhydrous crystal 
structure, that is nearly identical to the original hydrate structure, 2) an anhydrous crystal structure, that 
is a completely different from the hydrate crystal structure, or 3) a poorly crystallized system or 
amorphous structure (Brittain and others 2009).  Similar to hydrate formation, hydrate loss occurs at a 
critical relative humidity and temperature (Byrn 1982), which must be determined for each hydrate 
material individually (Byrn and others 1995).   
Although the onset of hydrate loss is related to the enthalpy of the interaction of water in the system 
and is driven by thermodynamics, the kinetics of hydrate loss is related to the geometric arrangement of 
water within the hydrate structure.  Channel hydrates generally have a low onset temperature of 
hydrate loss.  Channel hydrates are dominated by water-water interactions, and as one molecule of 
water leaves the system the other water molecules are less stable in the hydrate structure resulting in 
an increasing rate of hydrate loss.  Isolated site hydrates generally have a high onset temperature of 
hydrate loss.   All the water molecules in isolated site hydrates are in similar energetic environments 
throughout the crystal and after the thermodynamic onset temperature is reached, the rate of hydrate 
loss becomes very rapid.  Ion-associated hydrates generally have the highest onset temperatures of 
hydrate loss to overcome the strong water-ion bonds (Brittain and others 2009).   
Reaction kinetics have been used previously to study many solid-state reactions, including hydrate loss 
(Taylor and York 1998).  By plotting the conversion of GM to α-AG, common mathematical solid-state 
kinetic models can be used to determine the mechanism of hydrate loss.  Criteria such as correlation 
coefficient, standard error of the slope of the regression line, standard error of the regression, and 
residual plots can be used to determine the best fit model.  To confirm the mathematical modeling 
results, complementary chemical or structurally sensitive techniques (microscopy, X-ray diffraction, or 
spectroscopy) are required as well (Khawam and Flanagan 2006; Brown and Galwey 1979). 
The conversion of GM to α-AG has been studied previously, however no consensus was found in the 
literature as to the mechanism of hydrate loss.  Lui and Zhang (2006) reported hydrate loss in GM at 
temperatures at and above 40°C to follow the two-dimensional geometric contraction model using THz 
time-domain spectroscopy.  Whereas, Ponschke and House (2011) reported hydrate loss at 
temperatures from 60 to 85°C to follow a one-dimensional geometric contraction model using 
isothermal gravimetric analysis.  Additionally, Mathlouthi and others (2012) reported hydrate loss in GM 
to follow a zero-order reaction using a fluidized bed pilot dryer and ambient air.  However, additional 
complementary techniques were not used in the above studies to confirm the mathematical modeling 
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results.  The objectives of this study are to: a) investigate the dynamic water sorption profile of GM, b) 
determine the dynamic and equilibrium hydrate formation parameters, the dynamic deliquescence 
point (RH0d), and the storage stability of GM, and c) identify the mechanism of hydrate loss.   
Materials and methods 
Materials 
GM, sold as dextrose, was provided by Ingredion Incorporated (Westchester, IL) and the moisture 
content was determined to be 9.27 ± 0.09% db by volumetric Karl Fisher titration measured in duplicate 
by DonLevy Laboratories.  During the production of commercial GM, batches are dried to moisture 
contents below the stoichiometric moisture content (10% db), typically in the range of 9.3 to 9.8%db to 
increase stability (Mulvihill 1992).  X-ray diffraction revealed that “as is” GM samples contained a small 
amount (estimated using the diffraction pattern to be less 5% of sample) of beta-anhydrous glucose (β-
AG), whereas α-AG was not detected in “as is” GM samples. α-AG, sold as anhydrous dextrose, was also 
provided by Ingredion Incorporated.  Ingredients were capped, sealed with parafilm, and stored at room 
temperature between uses.  These GM and α-AG samples were also used as the standards for Raman 
spectroscopy.  
Dynamic dewpoint isotherm generation 
Dynamic dewpoint isotherms (DDIs) were generated in triplicate using the AquaSorp Isotherm 
Generator (Decagon Devices, Pullman, WA).  In adsorption mode, the AquaSorp instrument exposes the 
sample to 100% RH air and after a small change in water activity, aw, of approximately 0.01 to 0.015, 
airflow is halted and a snapshot of the dynamic sorption process is obtained by measuring both weight 
change and aw, producing a DDI (Carter and Fontana 2008; Schmidt and Lee 2012).  As previously 
mentioned in Chapter 3, the term DDI will be used in this research to remain consistent with current 
literature; however, the term maybe unconventional, since equilibrium conditions may or may not 
apply, depending on the nature of the material under study (Schmidt and Lee 2012).  The AquaSorp was 
verified using salt solutions of 13.41m LiCl (0.250 aw) and 6.0m NaCl (0.760 aw) at 25C, according to the 
Operator’s Manual (Decagon Devices 2007).  The GM sample (300 to 400mg) was ramped using a flow 
rate of 300mL/min from its initial aw value to 0.95.  The initial GM aw, measured using the AquaLab 
Series 4TE (Decagon Devices, Pullman, WA), ranged from 0.17 to 0.48 at 25°C, depending on the relative 
humidity of the room on the day the aw measurements were taken. This large variation is expected due 
to rapid adsorption of surface water by crystalline solids when exposed to different room relative 
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humidity values. The measured aw value of a crystalline material is not constant, but rather quickly 
mirrors the %RH of its environment (Schmidt 2012).  The DDIs were generated at 15, 25, and 35°C and 
the recorded sample mass was converted to moisture content (%db) using the initial GM moisture 
content. 
Dynamic hydrate formation and deliquescence RH determination  
Since the initial moisture content of GM (9.27% db) is below the calculated stoichiometric GM moisture 
content (10% db), completion of hydrate formation is possible in GM samples.  The dynamic hydrate 
formation relative humidity (RH) was determined as the first large increase in moisture content prior to 
the deliquescence event.  It is important to note that there is an increase in aw associated with hydrate 
formation, due to the AquaSorp data collection method.  Ideally, DDI data points are collected at a 
resolution of approximately 0.01 to 0.015 aw, where an algorithm bases the length of time between aw 
measurements on the resolution of the previous aw measurements.  The amount of time needed to 
maintain this resolution changes as the sorption behavior of GM begins to reflect water-solid 
interactions and a higher aw value is achieved in the allotted time than predicted by the algorithm 
(observed as a gap in the isotherm data).  Although the increase in aw occurs close to the onset of 
hydrate formation, it is dependent on the algorithm and sampling method of the AquaSorp and 
therefore was not chosen as the criteria for determining the dynamic hydrate formation relative 
humidity.   
The deliquescence point can be determined by:  a) the first aw value after the deliquescence event, b) 
the aw value at the extrapolated intersection of the linear portions of the isotherm, or c) the RH value 
where the moisture content changed the most quickly, using a mathematical second derivative 
equation.  Using these three methods, Yao and others (2011) reported no significant differences in RH0 
values for sucrose at 25°C.  Due to the complexity of additional water-solid interactions, the DDI for GM 
does not follow the typical type III isotherm, instead the DDI displays two increases in moisture content.  
Deliquescence of GM is reported as dynamic deliquescence point (RH0d) when deliquescence is 
influenced by hydrate formation under dynamic conditions.  However, if complete hydrate formation 
occurs prior to deliquescence, or no hydrate formation occurs as in the case of sucrose (Schmidt and Lee 
2012), the traditional RH0 will be utilized.  The RH0 or RH0d was determined using method one above - 
the first aw value after the deliquescence event.  Both the dynamic hydrate formation RH and the 
RH0/RH0d values are reported as an average of triplicate trials.   
Saturated salt slurry preparation 
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Ten saturated salt slurries were utilized to create the constant relative humidity environments to study 
hydrate loss.  An additional Lock & Lock Box, with 45g of desiccant (W.A. Hammond Drierite Co., Ltd., 
Xenia, OH), was used to create a 0%RH environment.  The aw of the desiccant, measured using the 
AquaLab Series 4TE (Decagon Devices, Pullman, WA), was less than 0.03 aw at 25°C, which is the 
measureable lower aw limit of the instrument (Decagon Devices 2008).  The salts, listed in Table 4.1, 
were prepared following the protocol and criteria detailed in Chapter 3.   
Determining hydrate loss under equilibrium conditions 
Four replicate GM samples (1.5g) were stored from 11 to 84%RH using saturated salt slurries and 
observed for one year with mass measurements taken weekly until month nine and every 4 weeks 
thereafter.  Four replicate GM samples were stored at 0%db, using desiccant, and observed for nine 
months with mass measurements taken weekly.  Since equilibrium was established within four weeks 
for GM stored at 0%RH, further measurements past month nine were not necessary.  Mass 
measurements were completed quickly using an analytical balance and returned to the Lock & Lock 
Boxes to limit exposure to ambient conditions.  The recorded sample mass was then converted to 
moisture content (%db) using the initial GM moisture content.  Any samples that spilled or were 
observed to have been contaminated were discontinued for mass measurements.  Equilibrium was 
determined by consecutive mass measurements with a mass change of less 2mg/g gram dry weight (Bell 
and Labuza 2000).  However, during chemical change (e.g. hydration loss in GM), the kinetics of the 
event may be slow enough that the established criterion does not apply. During each mass 
measurement, clumping or caking observations were also recorded and pictures of samples were taken 
using a Canon PowerShot G3 camera.  Caking observations from this experiment were used to establish 
the relative humidity conditions for further investigation of GM caking in Chapter 6. 
Thermogravimetric analysis 
Thermogravimetric Analysis (TGA 500, TA Instruments, New Castle, DE) was used to identify the critical 
temperature for hydrate loss in GM.  Using a nitrogen flow rate of 40mL/min as the balance purge and 
60mL/min as the furnace purge, α-AG and GM samples (15mg) were heated from 25 to 350°C, at rate of 
10°C/min.  The average onset, mid, and end point critical temperatures for hydrate loss were identified 
in triplicate using the step transition function in the Universal Analysis software (Version 4.4A, TA 
Instruments, New Castle, DE). 
Raman spectroscopy 
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At the end of the year-long study, samples were analyzed using Raman spectroscopy. The FT-Raman 
spectra were obtained using a Nanophoton Raman system and a Nd:YAG laser (Nanophoton 
Corporation, Osaka, Japan) with an excitation wavelength of 1064nm.  Using the x-y imaging option, the 
laser was focused through a slit width of 60 um, with power up to 5.5 mW, the spectra was collected 
from an adjustable frame at an exposure of 5 sec per spectra line.  Spectra were collected from 
commercial GM and α-AG samples and analyzed for distinctive intensity peaks, differentiating the 
materials. These spectra differences were then used to confirm GM to α-AG conversion in the desiccator 
and hydrate formation kinetic studies herein.  
Determining hydrate loss kinetics 
Using the Dynamic Vapor Sorption Advantage System (DVS) from Surface Measurements Systems 
(London, UK), GM was ramped to and held at 0%RH at 35, 40, or 45°C for approximately 500 hours or 
until the dm/dt criteria of less than 0.001% was met, using a nitrogen flow rate of 200 sccm. The percent 
GM converted to α-AG, as a function of time, was calculated and then used to model the solid-state 
reaction of hydrate loss. Common mathematical solid-state reaction models (Table 4.2) were used to 
model the data and the maximum correlation coefficient (R2), average standard error of the slope, and 
residual plots were used to determine the best fit equation.  Standardized residuals (residuals rescaled 
by the regression standard error) were plotted as observed versus predicted values, where randomly 
distributed residuals with a mean of zero indicate a sound regression model and residual trends indicate 
the model does not completely describe the data set (Brown and Galwey 1979).   
Additionally, hydrate loss was monitored using Raman spectroscopy to confirm the mechanism 
determined by mathematical modeling.  Using the DVS protocol detailed above, GM was ramped to and 
held at 0%RH at 45°C and samples were collected every 20 minutes throughout the solid-state reaction 
of hydrate loss for a total of ten samples.  The samples were confirmed as GM and/or α-AG using the 
Raman spectroscopy protocol detailed previously.  A ratio of the intensity of α-AG to GM Raman spectra 
was then overlaid on the microscopic image of the sample in order to visually assess the mechanism of 
hydrate formation.  A color scale was then used to discern the spectra, if the intensity of α-AG’s 
characteristic peaks was high, the crystal appeared pink and if the intensity of GM’s characteristic peaks 
was high, the crystal appeared blue.  Beyond the crystal, the background may appear blue or pink due to 
background noise but is not reflective of sample composition, since the characteristic peaks of α-AG and 
GM are not present. 
Results and discussion  
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Dynamic dewpoint isotherms 
The DDIs of GM at 15, 25, and 35°C increase to a moisture content of approximately 11, 14, and 15% db, 
respectively, prior to the onset of deliquescence (Figure 4.1).  The moisture content increase is partially 
attributed to the completion of hydrate formation, since the moisture content of commercial GM 
(9.27% db) is below the calculated stoichiometric GM moisture content (10% db).  The additional 
moisture sorption exceeding 10%db is attributed to surface adsorption and capillary condensation 
(investigated further in Chapter 6), and partial deliquescence due to the presence of β-AG in the ‘as-is’ 
GM sample, which has a reported RH0 of 74%RH (Salameh and others 2006).  Since GM is exposed to 
100%RH in the AquaSorp Isotherm Generator, additional water-solid interactions are possible, including 
partial deliquescence, which is not normally observed during sorption measurements or equilibrium 
storage below RH0.   
Thus, it is important to keep in mind that the dynamic deliquescence points (RH0d) for GM reported in 
Table 3.3 are influenced by additional water-solid interactions under dynamic conditions.  However, the 
RH0d value at 25°C for GM matches the reported RH0 literature value for GM of 91%RH at 25°C (Salameh 
and others 2006).  To our knowledge, these are the first dynamic hydrate formation RH and RH0d values 
reported in the literature for GM, made possible by the dynamic conditions of the AquaSorp Isotherm 
Generator.  As expected, both the dynamic hydrate formation RH and RH0d decrease with increasing 
temperature (Lipasek and others 2013; Mauer and Taylor 2010; Brittain and others 2009).  
Hydrate loss under equilibrium conditions 
To identify the critical parameters and mechansim for hydrate loss under equilibrium conditions, GM 
was studied over time in desiccators at 0 through 84%RH at 25°C for one year.  GM stored at 0%RH 
experienced full stoichiometric weight loss and decreased in moisture content to slightly below 0%db, 
but was on average within the standard deviation (0.09% db) associated with the initial GM moisture 
content (Figure 4.2).  Samples stored at 11%RH decreased to 7.52%db after one year of storage.  The 
decrease in moisture content was extremely slow, but differs from the moisture sorption of GM samples 
stored from 22 to 43%RH (Figure 4.3).  The GM sample stored at 11%RH does not appear to be in 
equilibrium despite reaching the previously established equilibrium criterion detailed in the Materials 
and Methods section (Bell and Labuza 2000).  Samples stored at 22 through 43%RH remained close to 
the initial GM moisture content (9.27%db), ranging from 9.27 to 9.35%db after one year of storage.  
Samples stored at 53, 64, 68, and 75%RH increased in moisture content slightly to 9.76, 9.84, 9.92, and 
9.96%db, respectively.  Samples stored at 84%RH increased in moisture content to 10.2%db, slightly 
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more water than expected for full hydrate formation (>10% db).  This excess water may be attributed to 
surface moisture adsorption and capillary condensation, also observed in sucrose stored at RH values 
near, but not exceeding the deliquescence RH value (Billings and others 2006).   
Using the final moisture content of GM samples stored from 22 to 84%RH from the above year-long 
desiccator study, an equilibrium isotherm of GM from 0.22 to 0.84 aw at 25°C is shown in Figure 4.4.  The 
increase in moisture content at 0.53 through 0.84 aw is attributed to the completion of hydrate 
formation in GM samples.  Deliquescence was not observed in the desiccator study, confirming that 
under equilibrium conditions, completion of hydrate formation in GM occurs prior to deliquescence.  
Comparatively, the DDI of GM at 25°C (Figure 4.1) increased in moisture content to 14%db due to 
dynamic hydrate formation at 0.795 aw, well above the stoichiometric GM moisture content (10%db) 
and moisture content associated with surface moisture adsorption and capillary condensation observed 
in GM under equilibrium conditions (10.2%db).  Due to the exposure of GM to 100%RH under the 
dynamic conditions in the AquaSorp, the increase in moisture content is attributed to the water-solid 
interactions of hydrate formation, capillary condensation, and partial deliquescence, as discussed in the 
Dynamic dewpoint isotherm section above. 
Raman spectroscopy was found to be a suitable technique to distinguish between crystalline GM and α-
AG, specifically in the spectra range of 400-600cm−1.  Raman peaks of 424-430 and 518-526cm¯¹ were 
used to characterize GM (shown in blue in Figure 4.5), whereas peaks at 406-413 and 546-552cm¯¹ were 
used to characterize α-AG (shown in red in Figure 4.5).  After one year of storage, GM samples held at 
0%RH were identified as α-AG, samples held at 11%RH were identified as a mixture of α-AG and GM, 
and samples held at 22 to 84%RH were identified as GM.  The critical hydrate loss relative humidity for 
GM was determined to be 11%RH, since the samples experienced moisture content loss and were 
confirmed to contain some α-AG after one year of storage.   
Storage at increased relative humidity environments resulted in an increased degree of caking of GM 
after one year of storage (Figure 4.6).  GM samples stored from 0 to 33%RH did not experience any 
change in flowability during one year of storage.  GM samples stored at 38 and 43%RH resulted in at 
least 10 visible clumps, but were still free-flowing, whereas samples stored from 53 to 84%RH all 
experienced visible caking, resulting in one solid mass.  Previous handling parameters for GM 
recommended storage at 55%RH and 30°C to avoid caking (Mulvihill 1992); however samples began 
caking during storage at 53%RH at 25°C.  The caking observed in GM is more severe than in α-AG, which 
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experienced visible caking after one year of storage at 68 to 84%RH (Chapter 3).  The physical stability 
and water-solid interactions responsible for the caking of GM during storage are reported in Chapter 6. 
Thermogravimetry of hydrate loss 
Hydrate loss also occurred during ramped heating experiments using TGA.  The onset, mid, and end 
point critical temperatures for hydrate loss in GM were determined to be 70.40±0.36, 80.20±0.36, and 
91.48±0.42°C, respectively (Figure 4.7).  Comparatively, α-AG exhibited no weight loss until about 200°C 
(Figure 4.8). 
Hydrate loss mechanism 
GM held in the DVS at 0%RH at 35, 40, and 45°C (Figure 4.9) reached low moisture contents values 
similar to equilibrium storage at 0%RH.  Several different criteria (R2, standard error of the slope, and 
residuals) were used to identify the best fit mathematical solid-state kinetic model of hydrate loss.  
Several of the models had an R2 value above 0.90 and a standard error of the slope below 5.810E-3, as 
reported in Tables 4.4 and 4.5 respectively.  Therefore, the mechanism models with the highest R2, 
Avrami-Erofeyev (A2) equation at 0.93226, expressing a nucleation mechanism, and lowest standard 
error of the slope, Ginstling-Bounshtein equation at 1.269 x 10-3, expressing a diffusion mechanism, 
were chosen as the best fit models.  Residual plots of the Avrami-Erofeyev (A2) and Ginstling-Bounshtein 
models both displayed a systematic pattern (Figure 4.10); confirming that neither solid-state kinetic 
mechanism model describes the data completely and suggesting the possibility of multiple mechanisms 
of hydrate formation as seen in other hydrate forming materials (Brittain and others 2009; Bryn 1982; 
Brown and Galwey 1979).   
Raman spectroscopy was used to visually determine the mechanism(s) of hydrate loss.  The microscopic 
images of GM, overlaid with the intensity of GM and α-AG spectra are shown in Figure 4.11.  If the 
intensity of GM is high, the area appears blue; whereas, if the intensity of α-AG is high, the area appears 
pink.  Hydrate loss in GM occurs at nucleation sites, displayed by the small α-AG (pink) spots appearing 
on the crystals beginning at 60 minutes and visible through 120 minutes during storage at 0%RH and 
45°C.  The entire surface of some crystals was confirmed as α-AG and the moisture content decreased to 
1.52%db by 140 minutes.  All crystals were identified as α-AG by 160 minutes.  Additionally, some GM 
crystals followed a diffusion mechanism, as seen in a crystal at 140 minutes in Figure 4.11, and shown 
before and after Raman analysis in Figure 4.12.  The diffusion mechanism is marked by a product layer, 
through which reactants or products must diffuse in order to continue the reaction.  However, diffusion 
appears to be two-dimensional in the microscopic images from Raman spectroscopy, moving as front 
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through the crystal, opposed to the three-dimensional spherical diffusion represented by the Ginstling-
Bounshtein model, which exhibited the lowest standard error of the slope of the mechanism models.   
The mechanisms identified under the experimental conditions used herein, would not necessarily be 
applicable to other experimental conditions.  For instance, Lui and Zhang (2006) reported hydrate loss in 
GM at temperatures at and above 40°C to follow the two-dimensional phase boundary-controlled 
reaction, which expresses a two-dimensional geometric contracting mechanism, using THz time-domain 
spectroscopy.  However, glucose samples were prepared as a mixture with polyethylene powder and 
compressed into a pellet, vastly different from the free flowing GM crystals used in the experiments 
herein.  Ponschke and House (2011) reported that hydrate loss in GM followed a one-dimensional 
contraction rate law, which expresses a one-dimension geometrical contracting mechanism, when 
heated at high temperatures between 60 to 85°C.  It was also reported that the GM crystals formed 
cracks and fractures, due the intensity of the heating process, which may have affected the hydrate loss 
mechanism.  Mathlouthi and others (2012) reported hydrate loss in GM to follow a zero order rate when 
held in a fluidized bed pilot dryer using ambient air, however the kinetic trend was identified by only five 
data points.  The experiments herein investigated hydrate loss in a single layer of free flowing GM 
crystals and used numerous data points (>50 points) for mathematical modeling.   
Conclusions 
GM has previously been considered stable below 55%RH at 30°C (Mulvihill 1992); however this work has 
shown that at 25°C under low RH storage (0-11%RH) GM undergoes hydrate loss and in high RH storage 
(53-84%RH) GM experiences caking, which will be further investigated in Chapter 6.  Under equilibrium 
conditions, GM experiences completion of hydrate formation and capillary condensation before 
deliquescence at 25°C.  However, GM under dynamic conditions and exposure to 100%RH experienced 
multiple water-solid interactions (dynamic hydrate formation, capillary condensation, and partial 
deliquescence) before dynamic deliquescence at 25°C.  Under the conditions studied herein, hydrate 
loss can best be described as following the solid-state reaction mechanisms of nucleation and diffusion.  
Raman spectroscopy introduces a new way to visualize hydrate loss in GM, adding to the hydrate loss 
mechanism literature. 
Research is needed to further elucidate the water-solid interactions responsible for the increase of 
moisture content in GM during dynamic storage conditions.  Additional research on the source and 
mechanism of β-AG formation in GM samples is also needed: it is hypothesized that β-AG may be 
formed during the crystallization process or the industrial drying process of GM.  A mathematical model 
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for hydration loss including both nucleation and diffusion mechanisms, was outside the scope of this 
research, however may be of use to describe hydrate loss in the future.  Additionally, investigating of 
the effect of particle size on the hydrate loss mechanism may be of value.   
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Figures  
 
 
          
Figure 4.1.  DDIs of GM at 15, 25, and 35°C, and composite of all temperatures from 0.6 to 1.0 aw. 
 
 
Figure 4.2.  Moisture content (%db) of GM stored from 0 through 84%RH in desiccator study at 25°C. 
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 Figure 4.3.  Moisture content (%db) of GM stored from 11 through 84%RH in desiccator study at 25°C 
for one year. 
 
 
 
 
 
Figure 4.4.  Equilibrium isotherm of GM from 0.22 to 0.84 aw using the final moisture content of GM 
samples stored from 22 to 84%RH at 25°C for one year.   
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Figure 4.5.  Raman spectra, labeled characteristic peaks, and 10X microscopic images of α-AG and GM 
overlaid with intensity of the Raman spectra of α-AG (pink) and GM (blue). 
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Figure 4.6.  Image, storage relative humidity (%RH), composition as determined by Raman spectroscopy, 
moisture content, and caking description of GM held from 0 through 84%RH at 25°C for one year. 
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Figure 4.7. Weight and derivative weight of GM ramped to 350°C at a rate of 10°C/min by TGA with 
onset, midpoint, and endpoint temperatures of hydrate loss. 
 
 
 
 
Figure 4.8.  Weight and derivative weight of α-AG ramped to 350°C at a rate of 10°C/min by TGA. 
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Figure 4.9.  Moisture content (%db) of GM (A) and percent GM converted to α-AG (B) in 0%RH DVS study 
at 35, 40, and 45°C. 
 
 
 
             
Figure 4.10.  Residual plots of the Avrami-Erofeyev (A2) and Ginstling-Bounshtein equations from DVS 
data of GM held at 0%RH and 45°C. 
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Figure 4.11.  Color scale of Raman spectra intensity, microscopic images of GM overlaid with intensity of 
the Raman spectra of α-AG (pink) and GM (blue), minutes of storage at 0%RH at 45°C in DVS, and 
moisture content (% db). 
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Figure 4.12.  Microscopic image of a GM crystal stored 0%RH at 45°C for 140 minutes before (A) and 
after (B) Raman spectroscopy analysis. 
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Tables 
Table 4.1.  Literature equilibrium relative humidity of saturated salt solutions and measured equilibrium 
relative humidity of desiccant at 25°C used for GM desiccators.   
Salt %RH 
Desiccant <3.01 
LiCl 11.30±0.272 
KC2H3O2 22.51±0.32
2 
MgCl2 32.78±0.16
2 
NaI 38.17±0.502 
K2Co3 43.16±0.39
2 
Mg(NO3)2 52.89±0.22
2 
NaBr 57.57±0.402 
KI 68.86±0.242 
NaCl 75.29±0.122 
KCl 84.34±0.262 
1Converted from measured water activity value using the AquaLab Series 4TE, with a measureable lower 
limit of 0.0300 aw, 
2Greenspan (1997), 
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Table 4.2.  Common mathematical solid-state kinetic models, where    is a constant of integration 
(Khawam and Flanagan 2006). 
Model Differential form 
   )  
 
 
 
  
  
 
Integral form 
   )     
Nucleation models 
Power law (P2)            
Power law (P3)            
Power law (P4)            
Avrami-Erofeyev (A2)      )        )             )     
Avrami-Erofeyev (A3)      )        )             )     
Avrami-Erofeyev (A4)      )        )             )     
Prout-Tompkins (B1)      )   [
 
   
]     
Geometrical contraction models 
Contracting area (R2)      )          )    
Contracting volume (R3)      )          )    
Diffusion models 
1-D diffusion (D1)  
  
 
   
2-D diffusion (D2) 
 [
 
      )
] 
     )       )    
3-D diffusion – Jander (D3)      )   
        )    
 [      )
   ]
 
 
Ginstling-Bounshtein (D4)  
[ (    )
 
   )]
   
 
 
      )    
Reaction-order models 
Zero-order (F0/R1) 1   
First-order (F1)  
Mampel equation 
    )        ) 
Second-order (F2)     )  
[
 
   
]    
Third-order (F3)     )  
(
 
 
)      )      
 
Table 4.3.  Dynamic hydrate formation RH and deliquescence point (RH0d) for GM at 15, 25, and 35°C. 
 
 Dynamic hydrate 
formation RH 
RH0d 
15°C 0.824±0.007 0.937±0.003 
25°C 0.795±0.009 0.911±0.007 
35°C 0.759±0.012 0.863±0.012 
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Table 4.4. Common mathematical solid-state kinetic models and R2 values for the conversion of GM to α-AG held in the DVS at 0%RH and 35, 40, 
and 45°C. 
  R2 values 
Model 
Integral form 
   )     
35°C 35°C 40°C 40°C 45°C 45°C Average 
  Nucleation models 
Power law (P2)      0.91518 0.89354 0.87813 0.89551 0.84675 0.76732 0.86607 
Power law (P3)      0.90657 0.87007 0.86567 0.88423 0.82228 0.73814 0.84783 
Power law (P4)      0.89809 0.85437 0.85709 0.87571 0.80580 0.71999 0.83518 
Avrami-Erofeyev (A2)         )     0.95075 0.95536 0.93358 0.94610 0.93036 0.87738 0.93226 
Avrami-Erofeyev (A3)         )     0.95074 0.93807 0.92548 0.94172 0.91194 0.84844 0.91940 
Avrami-Erofeyev (A4)         )     0.89809 0.92346 0.91756 0.93543 0.89672 0.82855 0.89997 
Prout-Tompkins (B1)   [
 
   
]     0.93907 0.90588 0.92213 0.94088 0.89210 0.82742 0.90458 
Geometrical contraction models 
Contracting area (R2)       )    0.92393 0.94744 0.91629 0.92490 0.91738 0.87154 0.91691 
Contracting volume (R3)       )    0.92481 0.95185 0.92145 0.92837 0.92664 0.88779 0.92349 
Diffusion models 
1-D diffusion (D1)    0.91345 0.92804 0.89390 0.89843 0.89739 0.85879 0.89833 
2-D diffusion (D2)      )       )    0.89090 0.92847 0.89940 0.90084 0.91006 0.88483 0.90242 
3-D diffusion – Jander (D3) [      )   ]
 
 0.87727 0.91793 0.89740 0.89339 0.91651 0.91179 0.90238 
Ginstling-Bounshtein (D4)   
 
 
      )    0.88781 0.92652 0.90041 0.90018 0.91426 0.89592 0.90418 
Reaction-order models 
Zero-order (F0/R1)   0.91345 0.92513 0.89346 0.90561 0.88143 0.81847 0.88959 
First-order (F1) 
Mampel equation 
       ) 0.92073 0.95421 0.92555 0.92812 0.93791 0.91471 0.93021 
Second-order (F2) [
 
   
]    0.85380 0.90387 0.88066 0.86327 0.90615 0.93428 0.89034 
Third-order (F3) (
 
 
)      )      0.92393 0.80498 0.79731 0.75989 0.83311 0.90026 0.83658 
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Table 4.5. Common mathematical solid-state kinetic models and average standard error for the conversion of GM to α-AG held in the DVS at 
0%RH and 35, 40, and 45°C. 
 
  Average Standard Error 
Model 
Integral form 
   )     
35°C 35°C 40°C 40°C 45°C 45°C Average 
Nucleation models 
Power law (P2)      3.109E-4 5.310E-4 3.580E-3 2.540E-3 1.535E-2 1.582E-2 6.355E-3 
Power law (P3)      2.937E-4 5.193E-4 3.290E-3 2.310E-3 1.428E-2 1.431E-2 5.834E-3 
Power law (P4)      2.733E-4 4.840E-4 2.960E-3 2.070E-3 1.297E-2 1.275E-2 5.251E-3 
Avrami-Erofeyev (A2)         )     3.754E-4 5.409E-4 4.500E-3 3.160E-3 1.847E-2 2.116E-2 8.034E-3 
Avrami-Erofeyev (A3)         )     2.983E-4 5.018E-4 3.640E-3 2.480E-3 1.552E-2 1.731E-2 6.625E-3 
Avrami-Erofeyev (A4)         )     2.733E-4 4.656E-4 3.150E-3 2.130E-3 1.366E-2 1.481E-2 5.748E-3 
Prout-Tompkins (B1)   [
 
   
]     2.160E-3 3.830E-3 2.249E-2 1.474E-2 1.025E-1 1.075E-1 4.220E-2 
Geometrical contraction models 
Contracting area (R2)       )    2.261E-4 2.887E-4 2.480E-3 1.850E-3 1.005E-2 1.092E-2 4.302E-3 
Contracting volume (R3)       )    1.743E-4 2.131E-4 1.900E-3 1.440E-3 7.580E-3 8.220E-3 3.255E-3 
Diffusion models 
1-D diffusion (D1)    3.258E-4 4.155E-4 3.420E-3 2.640E-3 1.383E-2 1.423E-2 5.810E-3 
2-D diffusion (D2)      )       )    2.656E-4 3.292E-4 2.800E-3 2.200E-3 1.111E-2 1.113E-2 4.639E-3 
3-D diffusion – Jander (D3) [      )   ]
 
 1.162E-4 1.414E-4 1.260E-3 1.030E-3 4.950E-3 4.570E-3 2.011E-3 
Ginstling-Bounshtein (D4)   
 
 
      )    7.324E-5 8.994E-5 7.753E-4 6.180E-4 3.060E-3 3.000E-3 1.269E-3 
Reaction-order models 
Zero-order (F0/R1)   3.258E-4 4.704E-4 3.620E-3 2.670E-3 1.513E-2 1.606E-2 6.379E-3 
First-order (F1) 
Mampel equation 
       ) 7.515E-4 8.594E-4 8.190E-3 6.410E-3 3.170E-2 3.298E-2 1.348E-2 
Second-order (F2) [
 
   
]    3.720E-3 4.170E-3 4.743E-2 4.205E-2 1.992E-1 1.534E-1 7.499E-2 
Third-order (F3) (
 
 
)      )      1.130E-4 2.727E-2 4.301E-1 4.124E-1 2.094 1.528 7.486E-1 
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Chapter 5.  Determining the physical stability and water-solid interactions responsible for the caking 
of anhydrous glucose during storage 
 
Abstract 
Typically, a crystalline powder is considered reasonably stable if stored below its deliquescence point, 
however, many studies have observed caking below a food ingredient’s RH0.  The objectives of this 
research were to: 1) determine the physical stability and composition of alpha-anhydrous glucose (α-AG) 
below its deliquescence point (RH0), 2) study the effects of particle size on the caking of α-AG, and 3) 
determine the water-solid interactions responsible for caking in α-AG.  The critical relative humidity (RH) 
for caking and the water-solid interactions responsible for caking in α-AG was assessed using saturated 
salt slurries ranging from 0 to 84%RH at 25°C for twenty weeks and the caking of three particle sizes of 
α-AG was studied using saturated salt slurries ranging from 53 to 84%RH at 25°C for twenty weeks.  X-
ray powder diffraction was used to confirm the composition of the sample (alpha-, beta-anhydrous, 
and/or monohydrate) throughout the above studies.  The degree of caking was determined using a five-
point visual physical stability scale; from free flowing with minimal clumping (1) to fully caked (5).  α-AG 
reached unacceptable caking during storage at 68%RH at 25°C and increasing the storage RH increased 
the severity of caking.  Caking occurred before complete hydrate formation in α-AG samples held at 68 
and 75%RH. Fine particles of α-AG caked during storage at 64%RH, whereas medium and large particles 
caked during storage at 68 and 75%RH, respectively, at 25°C.  Fine particle size α-AG converted to GM 
more quickly than medium or large particle size α-AG during storage at 68, 75, and 84%RH.  Despite 
varying hydrate formation rates, all particle sizes caked during storage at 75 and 84%RH.  Conversely, all 
particle size α-AG samples experienced hydrate formation slowly during storage at 64%RH, however fine 
particles became caked and medium and large particle size samples had no change in flowability.  
Deliquescence was not observed during the above studies under equilibrium conditions.  Therefore, it is 
proposed that capillary condensation leads to caking in GM below its RH0.  Capillary caking occurs at a 
specific RH (RHcc) where capillary condensation causes the formation of liquid bridges, which may 
solidify over time without changes in RH or temperature.  Large particles of α-AG are more stable during 
RH storage than medium or fine particles.  Fine particles (106-212µm) of α-AG experience increased 
caking due to the additional capillary condensation possible with many crystal contact points.  α-AG 
should be stored below the RHcc, 68%RH at 25°C, to avoid product loss due to caking. 
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Introduction 
The food industry relies on free-flowing powdered ingredients such as sugar, spices, and salts; as well as 
a variety of powdered food products such as coffee, powdered milk, and drink mixes.  It is important for 
the products to retain their desired flowability and therefore avoid humidity and/or temperature 
induced caking.  Caking can be described as two or more macroparticles that become incapable of 
independent translations due to intimate contact and interaction (Griffith 1991), which can be observed 
as clumping and reduced product flow (Chuy and Labuza 1994).   Caking and clumping of food products 
can result in production down time, product loss, and decrease customer acceptance (Griffith 1991).    
Caking occurs in both amorphous and crystalline materials and the primary cause of caking is the 
interaction of water with the solid material, accounting for more than 90% of all caking problems.  
Water can enter the powder system through a variety of mechanisms and form liquid bridges, which can 
become solid bridges upon dehydration (Griffith 1991).  To limit caking, environmental factors, such as 
temperature and relative humidity, must be controlled (Juliano and Barbosa-Canovas 2010), especially 
since most caking problems are the result of water-solid interaction (Griffith 1991).  Increased relative 
humidity increases the cohesivity of powders due to surface tension forces (Juliano and Barbosa-
Canovas 2010).  Increased moisture content also increases cohesivity of powders as seen in tea, tomato 
powder, soup concentrates, corn flour, and wheat flour (Teunou and others 1999; Fitzpatrick and others 
2004; Janjatović and others 2011).  Additionally, surface properties and processing also influences the 
caking behavior of powders (Juliano and Barbosa-Canovas 2010). 
The current caking mechanism of a crystalline material (Figure 5.1) depicts caking when the storage 
relative humidity is close to the RH0, followed by a distinct drying step via a change in temperature or 
relative humidity (Schmidt 2012; Griffith 1991; Peleg 1983).  Near the RH0 of the material,  a 
concentrated thin film of solution forms on the surface of the material (liquid bridging) and upon 
dehydration the contact points fuse, creating solid bridges (Griffith 1991).  Additionally, initial liquid 
bridging may be caused by capillary condensation (Billings and others 2006; Schmidt 2012).  Many 
crystalline materials are generally considered stable below RH0, however many materials are reported to 
cake below its RH0 (Roge and Mathlouthi 2000; Billings and others 2006; Hou and Sun 2008, Wahl and 
others 2008).  Wahl and others (2008) and Kirsch and others (2011) captured images of liquid bridge 
formation between two urea prills (half-millimeter size) held at 67%RH, which is below the reported RH0 
of 75.1%RH (Wahl and others 2006).   
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Particle properties such as size, shape, and moisture content influence caking, along with environmental 
factors such as relative humidity and temperature.  In general, it is recognized that smaller particles lead 
to poor powder flow properties (Juliano and Barbosa-Canovas 2010).  As particle size decreases, the bulk 
density of a material increases, and flowability, in general, decreases (Bhatt and Datar 1968; White and 
others 1967).  Smaller particles also increase the amount of free water present in a powder system 
(Roge and Mathlouthi 2000).  Fine sugar crystals absorbed 10 times more water compared to the same 
mass of standard sugar crystals (Mathlouthi and Roge 2001) and fine sugar (250µm) was shown to cake 
during storage at 33%RH (Roge and Mathlouthi 2000), well below its RH0.  Mathlouthi and Roge (2003) 
concluded, as a general rule, that sugar particles below 250µm are partially amorphous and therefore 
are more likely to cake.  Hou and Sun (2008) also observed decreased flowability with decreased particle 
size, however the caking of microcrystalline cellulose was attributed to closer arrangement of particles 
and increased particle contact.  Lastly, Teunou and others (1999) explained the moderately low 
flowability of tea powder, when using shear testing, was due to its small particle size and hydroscopic 
nature.  Even a small amount of fines in a powder may cause caking, and as the amount of fines 
increases, the material becomes less flowable (Mathlouthi and Roge 2003).  Additionally, fine particles 
also increase the tensile strength of bridges in caked materials (Rumpf 1962).  Overall, particle size and 
distribution must be monitored to decrease the likelihood of caking in powders.   
The parameters of caking are hard to predict and are dependent on physical-chemical properties of the 
solid, as well as the processing history of the solid (Peleg 1983).  For new industry procedures and 
ingredient processes, the conditions and environmental parameters should always be tested to 
determine if problematic caking will result (Griffith 1991).  Although crystalline powders are usually 
considered more stable than amorphous materials, even a free flowing crystalline powder can develop 
caking if held under humid conditions (Billings and others 2006; Fitzpatrick and others 2004).  The major 
objectives of this research were to: a) determine the physical stability and composition of α-AG below its 
RH0, b) study the effects of particle size on the caking of α-AG, and c) determine the water-solids 
interactions responsible for caking in α-AG.   
Materials and methods 
Materials 
α-AG, sold as anhydrous dextrose, was provided by Ingredion Incorporated (Westchester, IL) and was 
determined to be 0.04±0.01% db by volumetric Karl Fisher titration measured in triplicate by DonLevy 
Laboratories.  α-AG was capped, sealed with parafilm, and stored at room temperature between uses.   
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 ‘As-is’ α-AG was sieved into three particle size distributions, fine (106-212µm), medium (212-355µm), 
and large (355-500µm), using U.S.A Standard Testing Sieves matching A.S.T.M. E-11 Specification, for use 
in the physical stability of small, medium, and large α-AG particle size experiments.  Moisture contents 
of fine, medium, and large α-AG were determined to be 0.03 ± 0.00, 0.01 ± 0.00, and 0.01 ± 0.00%db, 
respectively, by volumetric Karl Fisher titration measured in duplicate by DonLevy Laboratories.   
Dynamic dewpoint isotherm generation 
DDIs of α-AG and the three different particle sizes of α-AG were generated in triplicate using the 
AquaSorp Isotherm Generator (Decagon Devices, Pullman, WA).  As previously mentioned in Chapter 3, 
the term DDI will be used in this research to remain consistent with current literature; however, the 
term maybe confusing since equilibrium conditions may or may not apply, depending on the nature of 
the material under study (Schmidt and Lee 2012).  The AquaSorp was verified using salt solutions of 
13.41m LiCl (0.250 aw) and 6.0m NaCl (0.760 aw) at 25C, according to the Operator’s Manual (Decagon 
Devices 2007).  The α-AG samples (300 to 400mg) were ramped using a flow rate of 300mL/min from 
their initial water activity (aw) value to 0.95.  The measured aw value of a crystalline material is not 
constant, but rather quickly mirrors the %RH of its environment.  The initial measured aw of α-AG 
measured using the AquaLab Series 4TE (Decagon Devices, Pullman, WA) at 25°C, ranged from 0.16 to 
0.54, depending on the relative humidity of the room on the day the aw measurements were taken. This 
large variation is expected due to rapid adsorption of surface water by crystalline solids when exposed 
to different room relative humidity values (Schmidt 2012).  The DDIs of all samples were generated at 
25°C and the recorded sample mass was converted to moisture content (%db) using the appropriate 
initial moisture content.   
Dynamic deliquescence RH determination  
The deliquescence point, can be determined by:  a) the first aw value after the deliquescence event, b) 
the aw value at the extrapolated intersection of the linear portions of the isotherm, or c) the RH value 
where the moisture content changed the most quickly, using a mathematical second derivative 
equation.  Using these three methods, Yao and others (2011) reported no significant differences in RH0 
values for sucrose at 25°C.  Due to the complexity of additional water-solid interactions, the DDI for α-
AG does not follow the typical type III isotherm, instead the DDI displays two increases in moisture 
content.  Deliquescence of α-AG is reported as a dynamic deliquescence point (RH0d) when 
deliquescence is influenced by hydrate formation under dynamic conditions.  However, if complete 
hydrate formation occurs prior to deliquescence or no hydrate formation occurs, as in the case of 
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sucrose (Schmidt and Lee 2012), the traditional RH0 will be utilized.  The RH0/RH0d was determined using 
method one above - the first aw value after the deliquescence event and is reported as an average of 
triplicate trials.   
Saturated salt slurry preparation 
Nine saturated salt slurries were utilized to create constant relative humidity environments and an 
additional desiccator, with 300g of desiccant (W.A. Hammond Drierite Co., Ltd., Xenia, OH), was used to 
create a 0%RH environment.  The aw of the desiccant, measured using the AquaLab Series 4TE (Decagon 
Devices, Pullman, WA), was less than 0.03 aw at 25°C, which is the measureable aw value lower limit of 
the instrument (Decagon Devices 2008).  The salts, listed in Table 5.1, were prepared by adding excess 
salt to 100 ml of distilled deionized water.  The slurries were heated to 50°C and stirred on a stir plate 
for 2 hours.  The saturated salt slurries were then allowed to cool to room temperature.  The salt slurries 
contained excess salt crystals, assessed visually, with a continuous thin layer of saturated solution 
(about 1cm thick) above the salt crystals.  The aw of each salt solution was measured using the AquaLab 
Series 4TE (Decagon Devices, Pullman, WA) and were found to be within ±0.01 of the aw value (±1%RH) 
of the reported literature values (Table 5.1).  The 10 RH environments were used to study caking in α-AG 
and the 3 different particle sizes of α-AG.  
Physical stability of α-AG in relative humidity storage  
Five replicate α-AG samples (1.5g) were observed for 20 weeks with mass measurements taken every 7 
days for 10 weeks and every 14 days for the last 10 weeks at each relative humidity (0 to 84%RH).  Mass 
measurements were completed quickly using an analytical balance and returned to the desiccator to 
limit exposure to ambient conditions.  The recorded sample mass was then converted to moisture 
content (%db) using the initial α-AG moisture content.  Equilibrium was determined by consecutive mass 
measurements with a mass change of less 2 mg/g gram dry weight (Bell and Labuza 2000).  Additional 
samples of α-AG were stored at each relative humidity and one sample was removed during mass 
measurements for X-ray powder diffraction (XRPD) analysis.  Any samples that spilled or were observed 
to have been contaminated were discontinued for mass measurements.  During each mass 
measurement, the samples were tapped to measure the flowability and the degree of caking was 
assessed using a five-point visual physical stability scale determined by a panel of scientists and 
ingredient industry representatives.  Samples were categorized as: 1) free flowing with minimal 
clumping, 2) free flowing with 3 to 10 clumps, 3) majority of sample is clumped, 4) partially caked, 5) 
fully caked (Figure 5.2).  Samples reaching a caking category 3 and above were determined to be 
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unacceptable due to poor flowability.  α-AG and glucose monohydrate (GM) samples previously stored 
at varying relative humidity values were used to development of the five-point visual physical stability 
scale and qualitatively describe the range of caking observed (Chapter 3 and 4).  Sample pictures were 
taken using a Canon PowerShot ELPH 300 HS 12.1-Megapixel Digital Camera during each mass 
measurement.   
Physical stability of fine, medium, and large α-AG particle sizes in relative humidity storage 
Four replicate fine, medium, and large α-AG samples (1g) were observed for 20 weeks with mass 
measurements taken every 7 days for 10 weeks and every 5 weeks for an additional 10 weeks at each 
relative humidity (0 to 84%RH).  Mass measurements were completed quickly using an analytical 
balance and returned to the desiccator to limit exposure to ambient conditions.  The recorded sample 
mass was then converted to moisture content (%db) using the initial moisture content of the 
appropriate α-AG particle size and equilibrium was determined using the Bell and Labuza (2000) 
requirements.  Additional samples of fine, medium, and large α-AG were stored at each relative 
humidity and one sample was removed during mass measurements for XRPD analysis.  Any samples that 
spilled or were observed to have been contaminated were discontinued for mass measurements.  
During each mass measurement, the samples were tapped to measure the flowability and the degree of 
caking was assessed using the same visual five point scale used previously (Figure 5.2).  Sample pictures 
were taken using a Canon PowerShot ELPH 300 HS 12.1-Megapixel Digital Camera.   
X-ray powder diffraction 
Samples were analyzed by XRPD using a Siemens-Bruker D5000 diffractometer (Madison, WI) with CuKα 
radiation at a voltage and current of 40 kV and 30 mA, respectively.  Data was collected between 8 and 
46° (2° values) at intervals of 0.02° with a scanning rate of 4°/min.  The diffraction patterns were 
analyzed using Jade analysis software (Materials Data Inc.) with XRD patterns from the International 
Center for Diffraction Data (Newtown Square, PA).  The diffraction patterns for α-AG and GM are 
reported in Figure 5.3.   
Results and discussion 
Physical stability of α-AG in relative humidity storage  
The moisture sorption profile of α-AG at 25°C for 20 weeks is reported in Figure 5.4.  α-AG samples 
stored at 0 through 53%RH did not increase in moisture content remaining at 0.05%db or lower 
throughout the 20 week study (Figure 5.5).  Samples held at 0, 11, 22, and 43%RH all decreased in 
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moisture content to -0.05±0.02, -0.03±0.005, -0.03±0.01, and -0.01±0.01%db, respectively, slightly 
below the expected standard deviation of the initial moisture content of α-AG (0.04±0.01% db).  
Samples stored at 64 and 68%RH increased in moisture content to 0.26 and 8.49% db respectively, 
however equilibrium was not achieved.   α-AG stored at 75 and 84%RH reached 10.0 and 10.02% db, 
respectively, reaching equilibrium by week 7 and week 1, respectively.   
Caking was observed in α-AG during RH storage at 25°C and is reported in Figure 5.6.  No change in the 
flowability of α-AG was detected during storage from 0 to 53%RH, with all samples remaining at a caking 
category 1.  Some α-AG samples stored at 64%RH increased to a caking category 2 (3-10 small clumps 
present) by week 2 and all samples increased to caking category 2 by week 6, but remained free-flowing 
throughout the 20 weeks.  Samples stored at 68%RH increased to a caking category 2 by week 2, a 
caking category 3 by week 4, and some samples increased to caking category 4 by week 5.  All samples 
increased to a caking category 4 by week 20.  Samples stored at 75 and 84%RH were completely caked, 
increasing to caking category 5 after just one week of storage.  Deliquescence was not observed in the 
desiccator study, confirming that under equilibrium conditions, complete hydrate formation occurs in α-
AG prior to deliquescence.   
XRPD revealed no changes in diffraction patterns for α-AG stored from 0 to 53%RH, remaining as α-AG 
throughout the 20 week storage.  The diffraction pattern of GM was identified in α-AG samples stored 
from 64 to 84%RH, throughout the 20 week study.   At week 20, a weak GM diffraction pattern was 
detected in α-AG stored at 64%RH, however no change was detected in the α-AG diffraction pattern 
intensity.  The GM diffraction pattern was detected by week 2 for samples stored at 68 and 75%RH and 
the α-AG diffraction pattern intensity decreased throughout the 20 week storage (Figure 5.7).  α-AG 
stored at 84%RH was identified as GM solely after one week of storage.  No amorphous content was 
detected in the ‘as-is’ α-AG sample or throughout the 20 weeks of storage in α-AG samples stored from 
0 to 84%RH. 
The composition and moisture sorption profile confirm the solid-state conversion of α-AG to GM during 
high RH storage (64-84%RH).  Previously, 68%RH was identified as the critical relative humidity for 
hydrate formation in α-AG (Chapter 3).  However, XRPD was able to confirm the presence of GM in α-AG 
stored at 64%RH for 20 weeks, whereas Raman spectroscopy was not able to detect GM in α-AG stored 
at 64%RH after 1 year of storage.  The amount of GM could not be quantified by XRPD and the moisture 
content only increased to 0.26%db after 20 weeks of storage at 64%RH and 0.45%db after 1 year of 
storage (Chapter 3), well below the 10%db associated with GM.  Therefore, although hydrate formation 
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has now been confirmed to occur in α-AG stored at 64%RH, the amount of time necessary for significant 
hydrate formation is beyond the time frame of this study.    
Increased moisture uptake was accompanied by increased caking behavior in α-AG.  Caking of α-AG was 
observed during storage at 68%RH through 84%RH at 25°C, well below the reported deliquescence point 
of 91%RH at 25°C (Salameh and others 2006) but in accordance with the handling recommendations of 
55%RH at 30°C (Mulvihill 1992).  Samples that experienced complete hydrate formation were the most 
severely caked.  However, caking in α-AG began before full hydrate formation during storage at 68 and 
75%RH.  
Physical stability of fine, medium, and large α-AG particle sizes in relative humidity storage 
The DDIs of fine (106-212µm), medium (212-355µm), and large (355-500µm) particles of α-AG have 
similar sorption profiles (Figure 5.8) and the determined RH0d for each particle size was 89.6 ± 0.002, 
90.2 ± 0.002, and 89.7 ± 0.007%RH, respectively, similar to the RH0d for ‘as-is’ α-AG 90.5±0.2%RH 
(Chapter 3) and within the reported RH0 value range of 89-91%RH (Salameh and others 2006; Rüegg and 
Blanc 1981; Peng and others 2001).  Fine particles of α-AG adsorbed slightly more water (increased in 
moisture content) prior to dynamic deliquescence than large particles.   This is in agreement with 
findings from Stoklosa and others (2012), which reported that small glass beads had an increased 
amount of surface adsorption and capillary condensation than large glass beads due to increased 
surface area and contact points. 
The moisture sorption profiles of fine, medium, and large α-AG article sizes under equilibrium conditions 
are reported in Figure 5.9.  The three α-AG particle size samples (fine, medium, and large) stored at 
53%RH remained close to the initial moisture content (0.04%db) ranging from 0.003 to 0.02%db after 20 
weeks of storage.   The three α-AG particle size samples held at 64%RH increased in moisture content 
slightly, without reaching equilibrium at 0.23, 0.23, and 0.18%db, respectively.  Samples stored at 68, 75, 
and 84%RH all increased in moisture content; however, the rate of moisture gain differed by particle 
size.  At 68%RH, small particle α-AG increased in moisture content more quickly than the medium or 
large particle size, each reaching 9.60, 8.47, and 7.26%db, respectively at the end of 20 weeks.  The 
same trend in moisture content was observed in α-AG stored at 75 and 84%RH.  Fine, medium, and large 
α-AG samples stored at 75%RH increased in moisture content reaching 10%db by week 4, 6, 7, 
respectively, and samples stored at 84%RH increased in moisture content reaching 10%db by week 1, 2, 
and 2, respectively.   
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For comparison, the moisture sorption profiles of ‘as-is,’ fine, medium, and large α-AG particle size 
samples are shown in Figure 5.10.  No consistent particle size sorption pattern was observed in the data.  
Using the final moisture content of ‘as-is,’ fine, medium, and large α-AG samples stored from 53 to 
84%RH from the 20 week desiccator studies at 25°C, an equilibrium isotherm was generated and is 
shown in Figure 5.11.  It appears that fine particles of α-AG increased to a higher moisture content than 
‘as-is,’ medium, or large particles during storage at 68%RH, however the samples did not reach 
equilibrium after 20 weeks.  There was no discernible trend in equilibrium moisture content by particles 
size.  Fine α-AG particles were expected to increase to a higher moisture content compared to medium 
and large particle sizes, since previous research has reported fine particles to have  increased capillary 
condensation due to more contact points of the smaller particles (Roge and Mathlouthi 2000; 
Mathlouthi and Roge 2001; Hou and Sun 2008; Stoklosa and others 2012).  However, measurement 
variation in this research was too large to discern the increased moisture content associated with 
capillary condensation in fine particles.  
Flowability changes were observed during the storage of fine α-AG (Figure 5.12).  Samples stored at 
53%RH decreased in flowability slightly, increasing to a caking category 2 by week 2, however the caking 
was not strong enough to withstand weekly tapping, decreasing back to caking category 1 by week 7 and 
remained as a caking category 1 throughout the rest of the study.  Fine α-AG samples stored at 64%RH 
increased to at least a caking category 2 after one week of storage and increased to a caking category 3 
over time.  Fine α-AG samples stored at 68%RH increased to a caking category 5 after one week of 
storage; however the caking was not strong enough to withstand weekly tapping and fluctuated 
between caking category 4 and 5 for the remainder of the 20 week study.  All fine α-AG samples stored 
from 75 to 84%RH became completely caked, caking category 5, after one week of storage. 
The flowability of medium α-AG also changed during storage (Figure 5.13).  Samples held at 53%RH 
exhibited no changes in flowability, remaining as a caking category 1 throughout the study.  Samples 
stored at 64%RH decreased in flowability slightly, increasing to a caking category 2 by week 2, however 
the caking was not strong enough to withstand weekly tapping, decreasing back to caking category 1 by 
week 4 and increasing again to caking category 2 by week 20.   Some samples stored at 68%RH increased 
to caking category 3 after one week of storage and all samples were caking category 3 by week 4.  
Samples stored at 75 to 84%RH reached a caking category 5 by week 1 and remained as such through 
week 20 study.   
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The large α-AG samples held at 53 and 64%RH had no change in flowability, remaining at a caking 
category 1 throughout the study (Figure 5.14).  Samples stored at 68%RH decreased in flowability 
slightly, increasing to a caking category 2 after one week of storage. Samples stored at 75 to 84%RH 
reached a caking category 5 by week 1 and remained as such through week 20 study.   
XRPD revealed no differences in diffraction patterns for the initial fine, medium, or large α-AG samples.  
All particle size samples stored from at 53%RH had no change in diffraction patterns, remaining as α-AG 
throughout the 20 week storage.  All particle size samples stored at 64%RH changed in diffraction 
pattern at week 20, a very weak GM diffraction pattern was identified and no change was detected in 
the α-AG diffraction pattern intensity.  All particle size samples stored at 68%RH were also identified to 
contain GM by week 5.  The intensity of the GM diffraction pattern increased after week 5 and the α-AG 
diffraction pattern intensity decreased throughout the 20 week storage.  The GM diffraction pattern was 
detected in all particles size α-AG samples stored at 75%RH after one week of storage.  The diffraction 
pattern of α-AG was no longer detected in fine, medium, and large α-AG samples stored at 75%RH after 
week 4, 5, and 8, respectively, and the GM diffraction pattern remained.   Fine α-AG samples stored at 
84%RH solely contained the GM diffraction pattern after one week of storage, and medium and large α-
AG were identified as a mixture of GM and α-AG.  After two weeks of storage, medium and large particle 
α-AG samples stored at 84%RH were identified as solely GM.  No amorphous content was detected in 
the ‘as-is’ α-AG sample or throughout the 20 weeks of storage in α-AG samples stored from 0 to 84%RH. 
Hydrate formation, conversion of α-AG to GM, was observed in fine, medium, and large α-AG particle 
size samples during storage at 64 through 84%RH, also seen in the ‘as-is’ α-AG sample during high RH 
storage.   However, the rate of hydrate formation varies by particle size.  During storage at 75%RH, fine 
α-AG particle samples converted to GM more quickly (detected by XRPD) and reached the stoichiometric 
GM moisture content (10%db) more quickly than medium or large particle samples.  Since hydrate 
formation has been determined to follow nucleation and diffusion mechanisms (Chapter 3), smaller α-
AG particles may complete the conversion to GM more quickly due to increased contact points which 
serve as nucleation points and faster diffusion through the crystal.  Although caking and hydrate 
formation was observed in α-AG samples, caking was observed before complete hydrate formation in α-
AG samples stored from 64 through 84%RH.   
The flowability of each particle size of α-AG was markedly different (Figure 5.15) during storage from 53 
through 84%RH at 25°C for 20 weeks.  The fine particles reached an unacceptable caking level (at least a 
caking category 3) during storage at 64 through 84%RH, whereas the medium α-AG particles reached an 
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unacceptable caking level during storage at 68 through 84%RH.  Large α-AG particles were most stable, 
reaching an unacceptable caking level only during storage at 75 and 84%RH.  Medium particle size α-AG 
most closely resemble the caking observed in ‘as-is’ α-AG.  Decreasing the particle size of α-AG 
decreased the flowability, and caking was observed at lower RH values in fine particle size α-AG than any 
other sample.  Despite a similar and very slow hydrate formation rate in all α-AG particle size samples 
stored 64%RH, caking behavior was influenced by particle size.  Fine α-AG increased to 0.23%db and a 
caking category 3, medium α-AG increased to 0.23%db and to a caking category 2, whereas large α-AG 
increased to 0.18%db and remained at a caking category 1.  Conversely, the same caking behavior 
(caking category 5) was observed during α-AG storage at 75%RH with different hydrate formation rates 
for fine, medium, and large α-AG particle size samples.   
Caking mechanism 
In this study, caking was observed in α-AG held at a constant RH values below RH0 at 25°C, therefore 
caking cannot be attributed to deliquescence (Figure 5.1).  Additionally, no amorphous content was 
detected and hydrate formation was not found to affect caking in α-AG, whereas particle size greatly 
influenced caking behavior in α-AG at 25°C.  In agreement with Billings and others (2006), it is proposed 
that capillary condensation, at a critical RH (dependent on particle size and temperature), leads to 
glucose dissolution and liquid bridge formation between particles.  Subsequently, as proposed by Kirsch 
and others (2011), over time mass transport from the particles to the liquid bridges occurs, creating 
more solid-like bridges with no change in RH or temperature. The mechanism of capillary condensation 
caking is depicted in Figure 5.16.   
As observed previously, decreasing particle size increases capillary condensation (Billings and others 
2006; Stoklosa and others 2012) by increasing the number of particle contact points and decreasing the 
size of the capillaries, which results in liquid bridge formation at a lower at RHcc.  The critical relative 
humidity at which capillary condensation results in liquid bridge formation, RHcc, in ‘as-is’ α-AG was 
determined to be 68%RH at 25°C.  The ability of water to move into the crystal lattice of α-AG to form 
GM may have a role in bridge strength, but no conclusions can be made at this time, since caking 
strength was outside the scope of this study.   
Conclusions 
Caking is a major problem in powdered systems, and the caking of α-AG has not previously been 
studied.  Deliquescence was not observed during storage studies, and so an additional mechanism of 
caking, capillary condensation caking, was used to describe the caking of crystalline materials during 
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storage below RH0.   Capillary condensation leads to the formation of liquid bridges between crystals, 
which solidify overtime due to dissolution and mass transfer of the material into the liquid bridge 
without a change to storage RH or temperature.  Liquid bridge formation occurs at a critical RH, RHcc, 
which is dependent on particle size and temperature.   As particle size decreases, capillary condensation 
increases and caking is observed at lower RH values.  α-AG should be stored below the RHcc, 68%RH, at 
25°C, to avoid product loss due to caking.   
The mechanism of capillary condensation caking may be able to be captured visually by similar research 
techniques used to study caking in urea by Wahl and others (2008) and Kirsch and others (2012).  The 
kinetics and strength of capillary condensation caking was not investigated in this research, but is 
necessary to understand caking problems observed in materials stored below their RH0.  Temperature 
and relative humidity cycling is hypothesized to impact capillary condensation caking, however no 
conclusions can be made from this research.   
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Figures  
 
Figure 5.1.  Schematic of humidity caking in crystalline material (Schmidt 2012). 
  
 107 
 
 
Category – Definition Images 
Acceptable flowability 
1 – Free flowing, free of caking or clumping (3 
or less small clumps) 
 
(α-AG initial) 
 
(GM initial) 
2 – Free flowing, few clumps (3 to 10 small 
clumps)  
 
(α-AG stored at 64%RH) 
 
(GM stored at 33%RH) 
Unacceptable flowability 
3 – Clumped, majority of sample  is small 
clumps (more than 10 small clumps) 
 
(GM stored at 53%RH) 
4 – Partially caked, majority of sample is small 
cakes (2 or more large clumps, may be some 
free flowing powder and/or small clumps as 
well) 
 
(α-AG stored at 68%RH) 
5 – Fully caked, sample is one solid mass (may 
be broken, no free flowing powder) 
 
(α-AG stored at 84%RH) 
 
(GM stored at 84%RH) 
Figure 5.2.  Caking category and associated images of the five-point visual physical stability scale used 
herein. 
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Figure 5.3.  XRPD patterns for α-AG and GM from the International Center for Diffraction Data (Newton 
Square, PA).  Characteristics peaks at 12.6 and 19.6° were used to identify GM; a single peak at 20.6° 
was used to identify α-AG. 
 
 
 
 
 
α-AG 
GM 
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Figure 5.4.  Moisture content (%db) of α-AG stored from 0 through 84%RH in desiccator study at 25°C 
for 20 weeks. 
  
 
 
 
 
 
 
Figure 5.5.  Moisture content (%db) of α-AG stored from 0 through 64%RH in desiccator study at 25°C 
for 20 weeks. 
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  Storage RH Week 0 Week 5 Week 10 Week 20 
0-53%RH 
(53%RH shown) 
    
Caking category: 1 (free flowing) 1 1 1 (free flowing) 
Moisture content (%db): 0.04 0.09 0.08 0.05 
Composition: AG AG AG AG 
64%RH 
    
 1 (free flowing) 1-2 2 2 (3-10 clumps) 
 0.04 0.11 0.17 0.26 
 AG AG AG AG, GM 
68%RH 
    
 1 (free flowing) 3-4 3-4 4 (partially caked) 
 0.04 0.77 4.94 8.49 
 AG AG, GM AG, GM AG, GM 
75%RH 
    
 1 (free flowing) 5 5 5 (fully caked) 
 0.04 9.88 10.05 10.01 
 AG AG, GM GM GM 
84%RH 
    
 1 (free flowing) 5 5 5 (fully caked) 
 0.04 10.13 10.12 10.02 
 AG GM GM GM 
Figure 5.6.  Image, caking category, moisture content, and composition as determined by XRPD of ‘as-is’ 
α-AG held from 0 to 84%RH at 25°C for 20 weeks. 
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Figure 5.7. XRPD patterns for α-AG held 68%RH and 25°C at 0, 5, 10, and 20 weeks.  Over time the 
intensity of the α-AG characteristic peak at 20.6° decreased and the intensity of GM characteristic peaks 
at 12.6 and 19.6°, detected by week 5, increased during the 20 week storage.   
2° 
Week 20 
 
 
 
Week 10 
 
 
 
Week 5 
 
 
‘As-is’ α-AG 
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Figure 5.8.  The DDIs of fine (106-212µm), medium (212-355µm), and large (355-500µm) particles of α-
AG and composite of fine particles, large particles, and ‘as-is’ α-AG at 25°C.   
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Figure 5.9.  Moisture content (%db) of fine (106-212µm), medium (212-355µm), and large (355-500µm) 
particles of α-AG stored from 0 through 84%RH in desiccator study at 25°C for 20 weeks. 
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Figure 5.10.  Moisture content (%db) of ‘as-is’ (100-600µm), fine (106-212µm), medium (212-355µm), 
and large (355-500µm) particles of α-AG stored from 53 to 84% RH during RH storage at 25°C for 20 
weeks. 
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 A 
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Figure 5.11.  Equilibrium isotherm of α-AG fine, medium, large particle sizes and ‘as-is’ from 0.53 to 0.84 
aw using the final moisture content of α-AG samples stored from 53 to 84%RH at 25°C for 20 weeks.   
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Storage RH Week 0 Week 5 Week 10 Week 20 
53%RH 
 
    
Caking category: 1 (free flowing) 1-2 1 1 (free flowing) 
Moisture content (%db): 0.03 0.02 0.02 0.01 
Composition: AG AG AG AG 
64%RH 
    
 1 (free flowing) 3 3 3 (>10 clumps) 
 0.03 0.09 0.14 0.23 
 AG AG AG AG, GM 
68%RH 
    
 1 (free flowing) 4 4-5 4-5 (partially caked-
fully caked) 
 0.03 0.53 3.76 9.60 
 AG AG, GM AG, GM AG, GM 
75%RH 
    
 1 (free flowing) 5 5 5 (fully caked) 
 0.03 10.09 10.10 10.08 
 AG GM GM GM 
84%RH 
    
 1 (free flowing) 5 5 5 (fully caked) 
 0.03 10.19 10.14 10.11 
 AG GM GM GM 
Figure 5.12.  Image, caking category, moisture content, and composition as determined by XRPD of fine 
α-AG particles (106-212µm) held from 0 to 84%RH at 25°C for 20 weeks during storage testing.  
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Storage RH Week 0 Week 5 Week 10 Week 20 
0-53%RH 
(53%RH shown) 
    
Caking category: 1 (free flowing) 1 1 1 (free flowing) 
Moisture content (%db): 0.01 0.01 0.01 0.004 
Composition: AG AG AG AG 
64%RH 
    
 1 (free flowing) 1 1 2 (3-10 clumps) 
 0.01 0.08 0.14 0.23 
 AG AG AG AG, GM 
68%RH 
    
 1 (free flowing) 3 3 3 (>10 clumps) 
 0.01 0.45 3.98 8.47 
 AG AG, GM AG, GM AG, GM 
75%RH 
    
 1 (free flowing) 5 5 5 (fully caked) 
 0.01 9.99 10.08 10.06 
 AG GM GM GM 
84%RH 
    
 1 (free flowing) 5 5 5 (fully caked) 
 0.01 10.20 10.16 10.12 
 AG GM GM GM 
Figure 5.13.  Image, caking category, moisture content, and composition as determined by XRPD of 
medium α-AG particles (212-355µm) held from 0 to 84%RH at 25°C for 20 weeks during storage testing.  
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Storage RH Week 0 Week 5 Week 10 Week 20 
0-53%RH 
(53%RH shown) 
    
Caking category: 1 (free flowing) 1 1 1 (free flowing) 
Moisture content (%db): 0.01 0.02 0.03 0.02 
Composition: AG AG AG AG 
64%RH 
    
 1 (free flowing) 1 1 1 (free flowing) 
 0.01 0.07 0.13 0.18 
 AG AG AG AG, GM 
68%RH 
    
 1 (free flowing) 2 2 2 (3-10 clumps) 
 0.01 0.42 3.30 7.26 
 AG AG, GM AG, GM AG, GM 
75%RH 
    
 1 (free flowing) 5 5 5 (fully caked) 
 0.01 9.52 10.08 10.07 
 AG AG, GM GM GM 
84%RH 
    
 1 (free flowing) 5 5 5 (fully caked) 
 0.01 10.17 10.15 10.12 
 AG GM GM GM 
Figure 5.14.  Image, caking category, moisture content, and composition as determined by XRPD of large 
α-AG particles (355-500µm) held from 0 to 84%RH at 25°C for 20 weeks during storage testing.  
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Figure 5.15. Comparison of α-AG caking during RH storage of the ‘as-is’ distribution (10% of sample less 
than 118µm, 50% of sample less than 294µm, and 90% of sample less than 451µm), fine (106-212µm), 
medium (212-355µm), and large (355-500µm) particle size samples. 
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Figure 5.16.  Proposed schematic of humidity caking in crystalline materials via deliquescence and 
capillary condensation caking mechanisms.  RHcc is the critical RH at which capillary condensation results 
in liquid bridge formation, which over time may solidify by mass transfer* (Kirsch and others 2011) 
without change to %RH or temperature. 
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Tables 
Table 5.1.   Literature equilibrium relative humidity of saturated salt solutions and measured equilibrium 
relative humidity of desiccant at 25°C used for α-AG desiccators.   
Salt %RH 
Desiccant <3.01 
LiCl 11.30±0.272 
KC2H3O2 22.51±0.32
2 
MgCl2 32.78±0.16
2 
K2Co3 43.16±0.39
2 
Mg(NO3)2 52.89±0.22
2 
NaNO2 64.4
3 
KI 68.86±0.242 
NaCl 75.29±0.122 
KCl 84.34±0.262 
1Converted from measured water activity value using the AquaLab Series 4TE, with a measureable lower 
limit of 0.03 aw, 
2Greenspan (1997), 3Young (1967) 
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Chapter 6.  Determining the physical stability and water-solid interactions responsible for the caking 
of glucose monohydrate during storage 
 
Abstract 
Crystalline powders are used extensively throughout the food and pharmaceutical industries and 
considered reasonably stable, yet a free flowing crystalline powder can develop severe caking if held 
under humid and/or high temperature conditions.  Therefore, the objectives of this research were to: 1) 
determine the physical stability and composition of glucose monohydrate (GM) below its deliquescence 
point (RH0), 2) investigate the effects of particle size on the caking of GM, and 3) determine the water-
solids interactions responsible for caking in GM.  The critical relative humidity (RH) for caking of GM and 
of three particles sizes of GM was assessed using saturated salt slurries ranging from 0 to 84%RH at 25°C 
for twenty weeks.  X-ray powder diffraction was used to confirm the composition of the sample (alpha-, 
beta-anhydrous, and/or monohydrate) and the degree of caking was determined using a five-point 
visual physical stability scale from free flowing with minimal clumping (1) to fully caked (5).  GM reached 
unacceptable caking during storage at 53%RH at 25°C and increasing storage RH increased the severity 
of caking.  Fine particles of GM also caked during storage at 53%RH, whereas medium and large particles 
caked during storage at 68 and 75%RH, respectively, at 25°C.  No change in GM flowability was observed 
for any particle size at low relative humidity values (0 to 11%RH), however fine particles (125-180µm) 
converted more slowly to α-AG during storage at 0 and 11%RH at 25°C than large (425-850µm) or 
medium (250-425µm).  Beta-anhydrous glucose (β-AG) content, found in the ‘as-is’ GM sample, and 
hydrate formation do not appear to effect caking in GM.  Fine, medium, and large particle size GM all 
contained β-AG and experienced hydrate formation at the same rate during storage from 64 to 84%RH, 
but differed in caking observations dependent on particle size.  Additionally, deliquescence was not 
observed during studies under equilibrium conditions.  Therefore, it is proposed that capillary 
condensation leads to caking in GM below its RH0.  Capillary caking occurs at a specific RH (RHcc), where 
capillary condensation causes the formation of liquid bridges, which may solidify over time without 
changes in temperature or RH.  Large particles of GM are more stable during RH storage than medium or 
fine particles.  Fine particles (125-180µm) of GM experience increased caking due to the additional 
capillary condensation possible with many crystal contact points.  GM should be stored below the RHcc, 
53%RH at 25°C, to avoid product loss due to caking. 
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Introduction 
Glucose monohydrate (GM), sold as a bulk ingredient, is used extensively in the food industry.  As a 
crystalline powder, glucose monohydrate is generally considered stable when held below its 
deliquescence point (RH0) of 91%RH at 25°C (Salameh and others 2006).  However, caking may occur 
during storage below RH0 as seen in other sugars (Roge and Mathlouthi 2000; Billings and others 2006).  
Proper storage and handling of individual ingredients and mixtures is important to consider in order to 
avoid product loss due to caking.  Although caking has been studied and characterized in the literature, 
the process of caking is complex and studies continue to investigate the causes and mechanism of 
caking.   
The introduction of water to a powder system, through ambient relative humidity, condensation, or 
recrystallization of amorphous content, may form liquid bridges, which can become solid bridges upon 
dehydration (Griffith 1991).  To limit caking, environmental factors, such as temperature and relative 
humidity, must be controlled (Juliano and Barbosa-Canovas 2010).  Particle properties such as particle 
size and shape also influence caking, with smaller particles leading to poor powder flow properties in 
general (White and others 1967; Bhatt and Datar 1968; Juliano and Barbosa-Canovas 2010; Stoklosa and 
others 2012).   
The current caking mechanism of a crystalline material (Figure 6.1) depicts caking when the storage 
relative humidity is greater than the RH0, followed by a distinct drying step via a change in temperature 
or relative humidity (Schmidt 2012; Griffith 1991; Peleg 1983).  At RH values near and above the RH0 of 
the material,  a concentrated thin film of solution forms on the surface of the material (liquid bridging) 
and upon dehydration the contact points fuse, creating solid bridges (Griffith 1991).  Additionally, liquid 
bridge formation may be caused by capillary condensation, as observed by Billings and others (2006), 
which reported significant liquid bridge formation between 75 and 80% RH at 25°C in bulk sucrose, 
which is below the RH0 of sucrose, 85% at 25°C (Salameh and others 2006).  Although crystalline 
materials have generally been considered stable below RH0, a number of studies have observed liquid 
bridge formation and/or caking below a food ingredient’s RH0 (Roge and Mathlouthi 2000; Billings and 
others 2006; Hou and Sun 2008, Wahl and others 2008).  In fact, recent studies have captured images of 
liquid bridge formation between two urea prills (particles in the half-millimeter size range) held at 
67%RH at 30°C (Wahl and others 2008).   
Despite the large amount of literature on caking, every powder must be studied individually, since the 
physical characteristics and handling history are unique for each material.  Therefore, the objectives of 
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this research were to: a) determine the physical stability and composition of GM below its RH0, b) 
investigate the effects of particle size on the caking of GM, and c) determine the water-solids 
interactions responsible for caking in GM.  
Materials and methods 
Materials 
GM, sold as dextrose, was provided by Ingredion Incorporated (Westchester, IL) and had as ‘as-is’ 
moisture content of 9.27±0.09%db as determined by volumetric Karl Fisher titration measured in 
duplicate by DonLevy Laboratories.  During the production of commercial GM, batches are dried to 
moisture contents below the stoichiometric moisture content (10% db), typically in the range of 9.3 to 
9.8%db to increase stability (Mulvihill 1992).  X-ray powder diffraction (XRPD) revealed GM samples to 
contain a small amount (estimated using the diffraction pattern to be less 5% of sample) of beta-
anhydrous glucose (β-AG), whereas α-AG was not detected in “as is” GM samples. The particle size 
distribution of ‘as-is’ GM was analyzed using a Beckman LS 13 320 laser diffraction particle size analyzer 
(Brea, CA) and tornado dry powder module. Less than 10% of the ‘as-is’ GM sample had a particle 
diameter less than 60µm, less than 50% of the sample had a particle diameter less than 191µm, and less 
than 90% of the sample had a particle diameter less than 496µm.  GM was capped, sealed with parafilm, 
and stored at room temperature between uses.   
 “As is” GM was sieved into three particle size distributions, fine (125-180µm), medium (250-425µm), 
and large (425-850µm), using U.S.A Standard Testing Sieves matching A.S.T.M. E-11 Specification for use 
in the physical stability of small, medium, and large GM particle size experiments.  Moisture contents of 
fine, medium, and large particle size GM were determined to be 9.27 ± 0.06, 9.15 ± 0.02, and 9.14 ± 
0.06%db, respectively, by volumetric Karl Fisher titration measured in duplicate by DonLevy 
Laboratories.   
Dynamic dewpoint isotherm generation 
DDIs of GM and the three different particle sizes of GM were generated in triplicate using the AquaSorp 
Isotherm Generator (Decagon Devices, Pullman, WA).  As previously mentioned, the term DDI will be 
used in this research to remain consistent with current literature; however, the term maybe confusing 
since equilibrium conditions may or may not apply, depending on the nature of the material under study 
(Schmidt and Lee 2012).  The AquaSorp was verified using salt solutions of 13.41m LiCl (0.250 aw) and 
6.0m NaCl (0.760 aw) at 25C, according to the Operator’s Manual (Decagon Devices 2007).  The GM 
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samples (300 to 400mg) were ramped using a flow rate of 300mL/min from their initial water activity 
(aw) value to 0.95.  The measured aw value of a crystalline material is not constant, but rather quickly 
mirrors the %RH of its environment.  The initial aw of GM measured using the AquaLab Series 4TE 
(Decagon Devices, Pullman, WA) at 25°C, ranged from 0.17 to 0.48, depending on the relative humidity 
of the room on the day the aw measurements were taken. This large variation is expected due to rapid 
adsorption of surface water by crystalline solids when exposed to different room relative humidity 
values (Schmidt 2012).  The DDIs of all samples were generated at 25°C and the recorded sample mass 
was converted to moisture content (%db) using the initial moisture content.   
Deliquescence and dynamic deliquescence RH determination  
The deliquescence point, can be determined by:  a) the first aw value after the deliquescence event, b) 
the aw value at the extrapolated intersection of the linear portions of the isotherm, or c) the RH value 
where the moisture content changed the most quickly, using a mathematical second derivative 
equation.  Using these three methods, Yao and others (2011) reported no significant differences in RH0 
values for sucrose at 25°C.  Due to the complexity of additional water-solid interactions, the DDI for GM 
does not follow the typical type III isotherm, instead the DDI displays two increases in moisture content, 
the first increase is attributed to hydrate formation of some anhydrous content and capillary 
condensation and the second to deliquescence.  Deliquescence of GM is reported as a dynamic 
deliquescence point (RH0d) when deliquescence is influenced by hydrate formation under dynamic 
conditions.  However, if complete hydrate formation occurs prior to deliquescence or no hydrate 
formation occurs, as in the case of sucrose (Schmidt and Lee 2012), the traditional RH0 will be utilized.  
The RH0/RH0d was determined using method one above - the first aw value after the deliquescence event 
and is reported as an average of triplicate trials.   
Saturated salt slurry preparation 
Nine saturated salt slurries were utilized to create constant relative humidity environments and an 
additional desiccator, with 300g of desiccant (W.A. Hammond Drierite Co., Ltd., Xenia, OH), was used to 
create a 0%RH environment.  The aw of the desiccant, measured using the AquaLab Series 4TE (Decagon 
Devices, Pullman, WA), was less than 0.03 aw at 25°C, which is the measureable aw value lower limit of 
the instrument (Decagon Devices 2008).  The salts, listed in Table 6.1, were prepared following the 
protocol and criteria detailed in Chapter 5 and used to study caking in GM and the three different 
particle sizes of GM.  
Physical stability of GM in relative humidity storage  
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Five replicate GM samples (1.5g) were observed for 20 weeks with mass measurements taken every 7 
days for 10 weeks and every 14 days for the last 10 weeks at each relative humidity (0 to 84%RH).  Mass 
measurements were completed quickly using an analytical balance and returned to the desiccator to 
limit exposure to ambient conditions.  The recorded sample mass was then converted to moisture 
content (%db) using the initial GM moisture content.  Equilibrium was determined by consecutive mass 
measurements with a mass change of less 2 mg/g gram dry weight (Bell and Labuza 2000).  Additional 
samples of GM were stored at each relative humidity and one sample was removed during mass 
measurements for X-ray powder diffraction (XRPD) analysis.  Any samples that spilled or were observed 
to have been contaminated were discontinued for mass measurements.  During each mass 
measurement, the samples were tapped to measure the flowability and the degree of caking was 
assessed using a visual five point scale identifying caking category 3 and above as unacceptable caking 
(Figure 6.2).  Sample pictures were taken using a Canon PowerShot ELPH 300 HS 12.1-Megapixel Digital 
Camera.   
Physical stability of fine, medium, and large GM particle sizes in relative humidity storage  
Four replicate fine, medium, and large GM samples (1g) were observed for 20 weeks with mass 
measurements taken every 7 days for 10 weeks and every 5 weeks for an additional 10 weeks at each 
relative humidity (0 to 84%RH).  Mass measurements were completed quickly using an analytical 
balance and returned to the desiccator to limit exposure to ambient conditions.  The recorded sample 
mass was then converted to moisture content (%db) using the initial moisture content of the 
appropriate GM particle size and equilibrium was determined with the Bell and Labuza requirement 
detailed in the previous study (2000).  Additional samples of fine, medium, and large GM were stored at 
each relative humidity and one sample was removed during mass measurements for XRPD analysis.  Any 
samples that spilled or were observed to have been contaminated were discontinued for mass 
measurements.  During each mass measurement, the samples was tapped to measure the flowability 
and the degree of caking was assessed using the same visual five point scale as used previously (Figure 
6.2).  Sample pictures were taken using a Canon PowerShot ELPH 300 HS 12.1-Megapixel Digital Camera.   
X-ray powder diffraction 
Samples were analyzed by XRPD using a Siemens-Bruker D5000 diffractometer (Madison, WI) with CuKα 
radiation at a voltage and current of 40 kV and 30 mA, respectively.  Data was collected between 8 and 
46° (2° values) at intervals of 0.02° with a scanning rate of 4°/min.  The diffraction patterns were 
analyzed using Jade analysis software (Materials Data Inc.) with XRD patterns from the International 
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Center for Diffraction Data (Newtown Square, PA).  The diffraction patterns for GM, β-AG, and α-AG 
glucose are reported in Figure 6.3.   
Results and discussion 
Physical stability of GM in relative humidity storage  
The moisture sorption profile of GM at 25°C for 20 weeks is reported in Figure 6.4.  GM stored at 0 and 
11%RH decreased in moisture content reaching 1.89 and 7.96%db, respectively, however, these samples 
did not reach equilibrium over the course of the 20 week study.  Samples stored at 22 through 43%RH 
remained close to the initial moisture content (9.27%db) ranging from 9.20 to 9.26%db after 20 weeks 
of storage (Figure 6.5).  Samples held at 53 and 64%RH increased in moisture content slightly, reaching 
equilibrium at 9.46 and 9.63%db, respectively.  GM stored at 68, 75, and 84%RH increased in moisture 
content to 9.67%, 9.72, and 10.0%db, respectively, reaching equilibrium after just one week of storage. 
Caking was observed in GM during RH storage at 25°C and is reported in Figure 6.6.  No change in 
flowability was detected for GM samples stored from 0 to 33%RH, which remained as caking category 1.  
A small change in flowability was observed for GM stored at 43%RH, which increased to a caking 
category 2 by week 12, but continued to be free-flowing throughout the 20 week study.   GM stored at 
53%RH decreased in flowability to an unacceptable level, with some samples increasing to a caking 
category 3 (clumped) by week 12, and all samples increasing to a caking category 3 by week 20.  GM 
stored at 64 through 84%RH were all completely caked, increasing to a caking category 5 after just one 
week of storage.  Deliquescence was not observed in the desiccator study, confirming that under 
equilibrium conditions, complete hydrate formation occurs in GM prior to deliquescence.   
XRPD revealed “as is” GM samples to contain a small amount (< 5%) of β-AG, whereas α-AG was not 
detected (Figure 6.7).  GM stored at 0 and 11%RH changed in composition overtime; the diffraction 
pattern of α-AG appeared in GM stored at 0%RH at week 3 and in GM stored at 11%RH at week 9 and 
grew in intensity through week 20 in each sample.  In addition, the intensity of the diffraction pattern of 
GM decreased over time and the diffraction pattern of β-AG did not change during the 20 weeks of 
storage in GM samples stored at 0 and 11%RH (Figure 6.8).  GM samples stored at 22 through 43%RH 
had no change in diffraction patterns, remaining a mixture of GM and β-AG throughout the 20 week 
storage.  GM samples stored from 53 to 84%RH all decreased in β-AG content.  The β-AG diffraction 
pattern intensity decreased slowly in samples stored at 53%RH, until week 20, when it was no longer 
detected (Figure 6.9).  The β-AG diffraction pattern intensity also decreased and became undetectable in 
samples stored at 64%RH by week 4 and in samples stored at 68 through 84%RH by week 1.   No 
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amorphous content was detected in the ‘as is’ GM sample or throughout the 20 weeks of storage in GM 
samples stored from 0 to 84%RH. 
The composition and moisture sorption profile confirm the solid-state conversion of GM to α-AG during 
low RH storage (0-11%RH) as observed previously (Chapter 4).  It is evident that hydrate loss and storage 
from 0 to 43%RH do not cause unacceptable changes to GM flowability.  Samples remaining at the 
original caking category 1 or increasing to a caking category 2 had no change in β-AG content.  Samples 
increasing to a caking category 3 or higher were observed to decrease in β-AG content overtime and the 
quicker β-AG converted to GM, the more severely caked the sample.  Caking in GM, however, began 
before full hydrate formation during storage at 53 and 64%RH.   
Caking of GM was observed during storage at 53%RH through 84%RH at 25°C, well below the reported 
deliquescence point of 91%RH at 25°C (Salameh and others 2006) and below handling recommendations 
of 55%RH at 30°C (Mulvihill 1992).  Therefore, additional water-solid interactions will be investigated, 
such as the role of capillary condensation in the mechanism of caking. 
Physical stability of fine, medium, and large GM particle sizes in relative humidity storage  
The DDIs of fine (125-180µm), medium (250-425µm), and large (425-850µm) particles of GM have 
similar sorption profiles (Figure 6.10) and the determined RH0d for each particle size, 90.3 ± 0.3, 89.9 ± 
0.6, and 90.3 ± 0.4%RH, respectively, is just below the RH0d for “as is” GM 91.1 ± 0.7%RH (Chapter 4) and 
the reported RH0 value of 91%RH.  Fine particles of GM adsorbed slightly more water (increased in 
moisture content) prior to dynamic deliquescence than large particles, which is attributed to increased 
capillary condensation. Typically, crystalline materials increase in moisture content slightly as RH storage 
increases due to surface moisture adsorption and capillary condensation (Ahlneck and Zografi 1990; 
Kontny and Zografi 1995; Billings and others 2006; Newman and others 2008).  However, small particle 
size crystals exhibit larger increases in moisture content due to increased surface area (increased 
adsorption) and contact points (increased capillary condensation) (Stoklosa and others 2012). 
The moisture sorption profiles of fine, medium, and large GM particle sizes under equilibrium conditions 
are reported in Figure 6.11.  The three GM particle size samples stored from 0 to 11%RH all decreased in 
moisture content, however, the rate of moisture loss differed by particle size (Figure 6.12).  At 0%RH, 
large particle GM decreased in moisture content more quickly than the medium or small particle size, 
each reaching 0.15, 1.08, and 4.37%db respectively at the end of 20 weeks.  A different trend in 
moisture content was observed in GM stored at 11%RH.  Medium particles of GM decreased in water 
content more quickly than large or fine particle size, each reaching 1.57, 4.26, and 5.28%db, 
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respectively.  All GM particle size stored from 22 to 84%RH increased in moisture content with fine 
particles consistently reaching higher moisture contents at each RH.  The moisture sorption profile of 
fine, medium, and large particle held at 22 and 84%RH are shown as an example in Figure 6.13.  
Additionally, using the final moisture content of ‘as-is,’ fine, medium, and large GM samples stored from 
22 to 84%RH from the above 20 week desiccator studies at 25°C, an equilibrium isotherm was generated 
and is shown in Figure 6.14.  The higher moisture content of fine particles is attributed to increased 
capillary condensation due to more contact points of the smaller particles as observed previously in 
microcrystalline cellulose (Hou and Sun 2008), sucrose (Roge and Mathlouthi 2000; Mathlouthi and Roge 
2001), and glass beads (Stoklosa and others 2012).  Although fine particles of GM increased in moisture 
content during RH storage, it is interesting to note that no trend was observed between the equilibrium 
moisture contents of the medium, large, and ‘as-is’ GM samples (Figure 6.14).  Stoklosa and others 
(2012) also reported that although particle size influences the amount of moisture adsorption and 
capillary condensation, flowability was not directly related to moisture content. 
Flowability changes were observed during the storage of fine GM (Figure 6.15).  The flowability of fine 
GM remained as caking category 1, for samples stored from 0 through 33%RH.  Samples stored at 
43%RH decreased slightly to a caking category 2, but the clumping was not strong enough to withstand 
weekly tapping and decreased to a caking category 1 by week 20.  Fine GM samples stored at 53%RH 
increased to a caking category 3 by week 4, remaining at a value of 3 throughout the study.  All fine GM 
samples stored from 64 to 84%RH became completely caked, caking category 5, after one week of 
storage. 
The flowability of medium GM also changed during storage (Figure 6.16).  Samples held from 0 to 
53%RH exhibited no changes in flowability, remaining as a caking category 1.  Samples stored at 64%RH 
decreased in flowability slightly, increasing to a caking category 2 by week 2, however the caking was 
not strong enough to withstand weekly tapping, decreasing back to caking category 1 by week 15.  
Samples stored at 68%RH reached an unacceptable level of caking quickly, reaching a caking category 4 
by week 2.  However, the caking at this RH was not strong enough to withstand weekly tapping and 
decreased to caking category 3 by week 15 as well.  Samples stored at 75 to 84%RH reached a caking 
category 5 by week 1 and remained as such through week 20.   
The large GM samples held at 0 through 68%RH had no change in flowability, remaining at a caking 
category 1 throughout the study (Figure 6.17).  Samples held at 75%RH increased to caking category 5 by 
week 1, however decreased over time to caking category 4 by week 6 and remained at a caking category 
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4 through week 20.  Samples stored at 84%RH increased and remained at caking category 5 after one 
week of storage. 
The fine particles reached an unacceptable caking level (at least a caking category 3) during storage at 
53 through 84%RH, whereas the medium GM particles reached an unacceptable caking level during 
storage at 68 through 84%RH (Figure 6.18).  Large GM particles were most stable, reaching an 
unacceptable caking level only during storage at 75 and 84%RH.  The caking of “as-is” GM most closely 
resembles the fine particle size GM.  Even if a sample contains a portion of fine particle size material, the 
overall sample will have a similar stability and flowability as the fines alone, confirming previous 
observations by Roge and Mathlouthi (2000).   
 ‘As-is’ GM samples contained a small amount (<5%) of β-AG, detected by XRPD, and no measureable 
difference in β-AG content between particle sizes was detected.  The diffraction pattern of GM in the 
three GM particle size samples (fine, medium, and large) stored at 0%RH decreased over time and the 
diffraction pattern of α-AG appeared in of each particle size after one week of storage.  No change was 
detected in the β-AG diffraction pattern.  Similarly, the diffraction pattern of GM in the three GM 
particle size samples stored at 11%RH decreased and the α-AG diffraction pattern appeared after three 
weeks of storage and grew in intensity throughout the study, while the β-AG diffraction pattern 
remained unchanged.  All GM particle sizes stored at 22 through 43%RH had no change in diffraction 
patterns, remaining a mixture of GM and β-AG throughout the 20 week storage.  The intensity of the 
diffraction pattern of β-AG decreased slowly in all GM particle size samples stored at 53%RH, until week 
20, when it was no longer detected in each particle size.  The intensity of the β-AG diffraction pattern 
also decreased and became undetectable in all particle size samples stored at 64%RH by week 4 and in 
all particle size samples stored at 68 through 84%RH by week 1.   There were no differences in 
composition, measured via XRPD, between the different particle size of GM and the “as is” GM (full 
distribution of particle sizes) stored from 22 to 84%RH. 
Hydrate loss, conversion of GM to α-AG, was observed in fine, medium, and large GM particle size 
samples during storage at 0 and 11%RH, also seen in the “as is” GM sample during low RH storage.   
However, the rate of hydrate loss varies by particle size and RH.  During storage at 0%RH, large particle 
size GM converted to α-AG more quickly and reached a lower final moisture content (0.15%db) than 
medium particles (1.08%db) or fine particles (4.37%db).   During storage at 11%RH, medium particle size 
GM converted to α-AG more quickly and reached a lower final moisture content (1.57%db) than large 
(4.26%db) or fine particles (5.28%db).  In general, materials increase in bulk density as particle size 
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decreases (Bhatt and Datar 1968; White and others 1967) and fine particle size GM may experience 
hydrate loss more slowly than medium or large particles due to limited diffusion of vapor through the 
sample.  Although the rate of hydrate loss differs by particle size, no caking or change in flowability was 
observed for fine, medium, or large particle size GM stored at 0 and 11%RH at 25°C. 
Despite no differences in β-AG content or hydrate formation rates in the three GM particle size samples, 
the physical stability of each was markedly different.  Fine particles began to cake during storage at 
53%RH, whereas large particles began to cake during storage at 75%RH.  Furthermore, caking was 
observed before the loss of β-AG content (analyzed by XRPD) and before complete hydrate formation 
(increase in moisture content) in GM samples stored at 53%RH and 64%RH at 25°C.   
Caking Mechanism 
In this study, caking was observed in GM held at constant RH values below RH0 at 25°C, therefore caking 
cannot be attributed to deliquescence (Figure 6.1).  Additionally, no amorphous content was detected in 
the original ‘as-is,’ fine, medium, and large GM samples, so caking was not induced by amorphous 
content.  As discussed in the previous section, neither β-AG content nor hydrate formation were found 
to affect caking in GM.  However, particle size greatly influenced caking behavior in GM at 25°C.  
In agreement with Billings and others (2006), it is proposed that capillary condensation, at a critical RH 
(dependent on particle size and temperature), leads to glucose dissolution and liquid bridge formation 
between particles.  Subsequently, as proposed by Kirsch and others (2011), over time mass transport 
from the particles to the liquid bridges occurs, creating more solid-like bridges with no change in %RH or 
temperature. The mechanism of capillary condensation caking along with deliquescence caking in 
crystalline solids is illustrated in Figure 6.19.   
Decreasing particle size increases capillary condensation by increasing the number of particle contact 
points and decreasing the size of the capillaries, which results in liquid bridge formation at a lower RHcc.  
The critical relative humidity at which capillary condensation results in liquid bridge formation, RHcc, in 
‘as-is’ GM was determined to be 53%RH at 25°C. 
Conclusions  
An additional mechanism of caking was established to describe the caking of crystalline materials during 
storage below RH0.  Liquid bridge formation, attributed to capillary condensation, occurs at RHcc and if 
sufficient time is allowed, results in solid-like bridges due to mass transfer.  As particle size decreases, 
capillary condensation increases and caking is observed at lower RH values.  GM containing particles in 
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the range of 125 to 180µm should be stored below the RHcc, 53%RH, at 25°C, to avoid product loss due 
to caking. 
Future research will be needed to measure the kinetics of capillary condensation as well as caking 
strength especially compared to deliquescence caking.  Techniques similar to those used by Wahl and 
others (2008) and Kirsch and others (2012), to study caking urea, may be useful to visually capture 
capillary condensation caking.  Other effects, including temperature cycling, relative humidity cycling, 
and anti-caking agents, need to be investigated to further understand capillary condensation caking. 
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Figures 
 
Figure 6.1.  Schematic of humidity caking in crystalline material (Schmidt 2012). 
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Category – Definition Images 
Acceptable flowability 
1 – Free flowing, free of caking or clumping (3 
or less small clumps) 
 
(α-AG initial) 
 
(GM initial) 
2 – Free flowing, few clumps (3 to 10 small 
clumps)  
 
(α-AG stored at 64%RH) 
 
(GM stored at 33%RH) 
Unacceptable flowability 
3 – Clumped, majority of sample  is small 
clumps (more than 10 small clumps) 
 
(GM stored at 53%RH) 
4 – Partially caked, majority of sample is small 
cakes (2 or more large clumps, may be some 
free flowing powder and/or small clumps as 
well) 
 
(α-AG stored at 68%RH) 
5 – Fully caked, sample is one solid mass (may 
be broken, no free flowing powder) 
 
(α-AG stored at 84%RH) 
 
(GM stored at 84%RH) 
Figure 6.2.  Caking category and associated images of the five-point visual physical stability scale used 
herein. 
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Figure 6.3.  XRPD patterns for GM, β-AG, and α-AG from the International Center for Diffraction Data 
(Newton Square, PA).  Characteristics peaks at 12.6 and 19.6° were used to identify GM, peaks at 16.3 
and 16.9° were used to identify β-AG, and a single peak at 20.6° was used to identify α-AG. 
α-AG 
GM 
β-AG 
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Figure 6.4.  Moisture content (%db) of GM stored from 0 through 84%RH in desiccator study at 25°C for 
20 weeks. 
 
  
 
 
 
 
 
 
Figure 6.5.  Moisture content (%db) of GM stored from 11 through 84%RH in desiccator study at 25°C for 
20 weeks. 
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 Week 0 Week 5 Week  10 Week 20 
0-11%RH 
(0%RH shown) 
    
Caking category: 1 (free flowing) 1 1 1 (free flowing) 
Moisture content (%db): 9.27 6.64 4.65 1.89 
Composition: β-AG, GM β-AG, GM, α-AG β-AG, GM, α-AG β-AG, GM, α-AG 
33%RH 
    
 1 (free flowing) 1 1 1 (free flowing) 
 9.27 9.29 9.25 9.20 
 β-AG,GM β-AG, GM β-AG, GM β-AG, GM 
43%RH 
    
 1 (free flowing) 1 1 2 (3-10 clumps) 
 9.27 9.31 9.30 9.26 
 β-AG, GM β-AG, GM β-AG, GM β-AG, GM 
53%RH 
    
 1 (free flowing) 1 2 3 (clumped) 
 9.27 9.42 9.47 9.46 
 β-AG, GM β-AG, GM β-AG, GM GM 
64-84%RH 
(64%RH shown) 
    
 1 (free flowing) 5 5 5 (fully caked) 
 9.27 9.72 9.72 9.63 
 β-AG, GM GM GM GM 
Figure 6.6.  Image, caking category, moisture content, and composition as determined by XRPD of GM 
held from 0 to 84%RH at 25°C for 20 weeks during storage testing. 
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Figure 6.7.  XRPD pattern of “as is” GM with characteristic peaks for GM (12.6 and 19.6°) and β-AG (16.3 
and 16.9°) annotated. 
   
Figure 6.8. XRPD patterns for GM held 0%RH and 25°C at 0, 5, 10, and 20 weeks.  Over time the intensity 
of the GM characteristic peaks at 12.6 and 19.6° decrease and the intensity of the α-AG characteristic 
peak at 20.6°, identified by week 5, increases.  Small β-AG peaks at 16.3 and 16.9° remain relatively the 
same during the 20 week storage. 
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Week 5 
 
 
‘As-is’ GM 
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Figure 6.9.  XRPD patterns for GM held at 53%RH and 25°C at 0, 5, 10, and 20 weeks.  Inset of 
characteristic beta-anhydrous peaks at 16.3 and 16.9°, decreased over time. 
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Figure 6.10.  DDI of fine (125-180µm), medium (250-425µm), and large (425-850µm) particles of GM and 
composite of fine particles, large particles, and ‘as-is’ GM at 25°.   
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Figure 6.11.  Moisture content (%db) of fine (125-180µm), medium (250-425µm), and large (425-850µm) 
particles of GM stored from 0 through 84%RH in desiccator study at 25°C for 20 weeks. 
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 Figure 6.12.  Moisture content (%db) of fine (125-180µm), medium (250-425µm), and large (425-
850µm) particles of GM stored at 0 and 11%RH in desiccator study at 25°C for 20 weeks. 
 
 
 
 
 
  
Figure 6.13.  Moisture content (%db) of fine (125-180µm), medium (250-425µm), and large (425-850µm) 
particles of GM stored at 22 and 84%RH in desiccator study at 25°C for 20 weeks. 
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Figure 6.14.  Equilibrium isotherm of GM fine, medium, large particle sizes and ‘as-is’ from 0.22 to 0.84 
aw using the final moisture content of GM samples stored from 22 to 84%RH at 25°C for 20 weeks.   
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Storage RH Week 0 Week 5 Week 10 Week 20 
0-11%RH 
(0%RH shown) 
 
    
Caking category: 1 (free flowing) 1 1 1 
Moisture content (%db): 9.27 5.45 4.31 4.37 
Composition: β-AG, GM β-AG, GM, α-AG β-AG, GM, α-AG β-AG, GM, α-AG 
22-33%RH 
(33%RH shown) 
    
 1 (free flowing) 1 1 1 
 9.27 9.28 9.31 9.34 
 β-AG, GM β-AG, GM β-AG, GM β-AG, GM 
43%RH 
    
 1 (free flowing) 2 2 1 
 9.27 9.30 9.36 9.41 
 β-AG, GM β-AG, GM β-AG, GM β-AG, GM 
53%RH 
    
 1 (free flowing) 3 3 3 
 9.27 9.39 9.49 9.60 
 β-AG, GM β-AG, GM β-AG, GM GM 
64-84%RH 
(64%RH shown) 
 
    
 1 (free flowing) 5 5 5 
 9.27 9.66 9.73 9.77 
 β-AG, GM GM GM GM 
Figure 6.15.  Image, caking category, moisture content, and composition as determined by XRPD of fine 
GM particles (125-180µm) held from 0 to 84%RH at 25°C for 20 weeks during storage testing. 
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Storage RH Week 0 Week 5 Week 10 Week 20 
0-11%RH 
(0%RH shown) 
 
 
    
Caking category: 1 (free flowing) 1 1 1 
Moisture content (%db): 9.15 1.87 1.29 1.08 
Composition: β-AG, GM β-AG, GM, α-AG β-AG, GM, α-AG β-AG, GM, α-AG 
22-33%RH 
(33%RH shown) 
 
    
 1 (free flowing) 1 1 1 
 9.15 9.15 9.19 9.23 
 β-AG, GM β-AG, GM β-AG, GM β-AG, GM  
43%RH 
    
 1 (free flowing) 1 1 1 
 9.15 9.19 9.24 9.28 
 β-AG, GM β-AG, GM β-AG, GM β-AG, GM 
53%RH 
    
 1 (free flowing) 1 1 1 
 9.15 9.25 9.36 9.43 
 β-AG, GM β-AG, GM β-AG, GM GM 
64%RH 
 
    
 1 (free flowing) 2 2 1 
 9.15 9.45 9.53 9.62 
 β-AG, GM GM GM GM 
Figure 6.16.  Image, caking category, moisture content, and composition as determined by XRPD of  
medium GM particles (250-425µm) held from 0 to 84%RH at 25°C for 20 weeks during storage testing. 
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68%RH 
    
Caking category: 1 (free flowing) 3-4 3-4 3 
Moisture content (%db): 9.15 9.55 9.64 9.69 
Composition: β-AG, GM GM GM GM 
75-84%RH 
(75%RH shown) 
    
 1 (free flowing) 5 5 5 
 9.15 9.66 9.76 9.80 
 β-AG, GM GM GM GM 
 
Figure 6.16.  (Continued) 
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Storage RH Week 0 Week 5 Week 10 Week 20 
0-11%RH 
(0%RH shown) 
 
 
    
Caking category: 1 (free flowing) 1 1 1 
Moisture content (%db): 9.13 0.35 0.26 0.15 
Composition: β-AG, GM β-AG, GM, α-AG β-AG, GM, α-AG β-AG, GM, α-AG 
22-33%RH 
(33%RH shown) 
 
    
 1 (free flowing) 1 1 1 
 9.13 9.09 9.20 9.28 
 β-AG, GM β-AG, GM β-AG, GM β-AG, GM 
43%RH 
    
 1 (free flowing) 1 1 1 
 9.13 9.16 9.23 9.25 
 β-AG, GM β-AG, GM β-AG, GM β-AG, GM 
53%RH 
    
 1 (free flowing) 1 1 1 
 9.13 9.25 9.39 9.49 
 β-AG, GM β-AG, GM β-AG, GM GM 
64%RH 
    
 1 (free flowing) 1 1 1 
 9.13 9.50 9.59 9.63 
 β-AG, GM GM GM GM 
Figure 6.17.  Image, caking category, moisture content, and composition as determined by XRPD of large 
GM particles (425-850µm) held from 0 to 84%RH at 25°C for 20 weeks during storage testing. 
 149 
 
68%RH 
    
Caking category: 1 (free flowing) 1-2 1 1 
Moisture content (%db): 9.13 9.53 9.65 9.72 
Composition: β-AG, GM GM GM GM 
75%RH 
 
    
 1 (free flowing) 5 4 4 
 9.13 9.67 9.78 9.81 
 β-AG, GM GM GM GM 
84%RH 
 
    
 1 (free flowing) 5 5 5 
 9.13 9.76 9.88 10.01 
 β-AG, GM GM GM GM 
Figure 6.17.  (Continued) 
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Figure 6.18. Comparison of GM caking during RH storage of the “as is” distribution (10% of sample less 
than 60µm, 50% of sample less than 192µm, and 90% of sample less than 496µm), fine (125-180µm), 
medium (250-425µm), and large (425-850µm) particle size samples. 
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Figure 6.19.  Proposed schematic of humidity caking in crystalline materials via deliquescence and 
capillary condensation caking mechanisms.  RHcc is the critical RH at which capillary condensation results 
in liquid bridge formation, which over time may solidify by mass transfer* (Kirsch and others 2011) 
without change to %RH or temperature. 
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Tables 
 
Table 6.1.  Literature equilibrium relative humidity of saturated salt solutions and measured equilibrium 
relative humidity of desiccant at 25°C used for GM desiccators.   
Salt %RH 
Desiccant <3.01 
LiCl 11.30±0.272 
KC2H3O2 22.51±0.32
2 
MgCl2 32.78±0.16
2 
K2Co3 43.16±0.39
2 
Mg(NO3)2 52.89±0.22
2 
NaNO2 64.4
3 
KI 68.86±0.242 
NaCl 75.29±0.122 
KCl 84.34±0.262 
1Converted from measured water activity value using the AquaLab Series 4TE, with a measureable lower 
limit of 0.0300 aw, 
2Greenspan (1997), 3Young (1967) 
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Chapter 7:  Determining the physical stability of α-anhydrous glucose and glucose monohydrate 
binary mixtures with sucrose during relative humidity storage 
Abstract 
The flowability of powder ingredients and mixtures is important in manufacturing and storage of both 
the food and pharmaceutical industries.  Typically, a mixture of crystalline ingredients is considered 
stable when stored below its deliquescence point, RH0mix, however, caking has been shown to occur 
during relative humidity (RH) storage below RH0mix.  Therefore, the objective of this research was to 
determine the physical stability of α-anhydrous glucose (α-AG) and glucose monohydrate (GM) in binary 
mixtures with sucrose during RH storage. The caking of the binary mixture of α-AG and sucrose (α-AG:S) 
and the binary mixture of GM and sucrose (GM:S) was assessed using saturated salt slurries ranging 
from 0 to 84%RH at 25°C for ten weeks.  X-ray powder diffraction (XRPD) was used to confirm the 
composition of the sample (alpha-, beta-anhydrous, and/or monohydrate) throughout the studies.  The 
degree of caking in all studies was determined using a five-point visual physical stability scale from free 
flowing with minimal clumping (1) to fully caked (5).  α-AG:S reached unacceptable caking during storage 
from 64 to 75%RH at 25°C, whereas, GM:S reached unacceptable caking during storage from 53 to 
75%RH at 25°C.  Both α-AG:S and GM:S stored at 84%RH and 25°C experienced deliquescence, which 
was expected since storage was above the RH0mix of 78%RH at 25°C.  The storage of α-AG as a binary 
mixture with sucrose lowered the storage stability, and caking was observed at a lower RH than 
observed in α-AG stored alone.  The caking observed during the storage of GM:S was similar to GM 
stored alone, however unacceptable caking occurred faster at 53%RH at 25°C in GM:S.  Due to the 
deliquescence lowering effect of mixtures, α-AG:S and GM:S experienced deliquescence during storage 
at 84%RH at 25°C, that was not observed in α-AG or GM stored alone.  Storage of α-AG and GM as a 
binary mixture decreased the physical stability of the ingredients.  The mechanism of capillary 
condensation caking, observed in α-AG and GM previously, is greatly influenced by particle size.  The 
addition of sucrose to α-AG and GM changed the particle size distribution and therefore influenced 
capillary condensation caking in α-AG:S and GM:S.   
Introduction 
Powdered mixes are used throughout both the food and pharmaceutical industries and their chemical 
and physical stability is of great importance.  The introduction of water to a crystalline powdered mix, 
through the water-solid interactions of surface adsorption and capillary condensation or deliquescence 
at higher RH values, can decrease the flowability (Adhikari and others 2001; Salameh and Taylor 2006a; 
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Stoklosa and others 2012), accelerate chemical reactions (Hiatt and others 2008), and decrease the 
stability (Salameh and Taylor 2006b) of the mix.   A decrease in physical stability, caking, in powdered 
ingredients is typically due to the introduction of water to the system, through ambient air relative 
humidity, condensation, or recrystallization of amorphous content (Griffith 1991).  It is important to 
control environmental factors, such as temperature and relative humidity, and particle properties, such 
as particle size and shape, since both can greatly influence caking (Peleg 1977; Adhikari and others 2001; 
Juliano and Barbosa-Canovas 2010; Landi and others 2011).  Additionally, the solid-state reactions of 
hydrate formation and loss can also affect the flowability of materials.  For example, glucose 
monohydrate stored at high temperatures (140°C) converted to α-AG with an increased surface 
roughness and hardness and a lower flowability (Trasi and others 2011).   
Increasing the number of components in a powder system (binary, tertiary, etc.), increases the 
likelihood of caking in the system.  If the ingredients do not have a homogeneous particle size, the 
ingredient mix has a higher likelihood of caking (Chung and others 2003).  Additionally, if ingredients in a 
mix are not structurally similar, the mixtures will likely have a higher friction between particles and a 
decreased flowability compared to the individual ingredients (Stoklosa and others 2012).  Mixtures of 
crystalline ingredients also exhibit a lowered deliquescence point (RH0mix) (Salameh and others 2006) 
and cycling above and below the RH0mix has been shown to increase the resulting cake strength in some 
ingredient mixtures, such as fructose and glucose (Salameh and Taylor 2006a).   
The RH of storage, number of components, and hydrate formation/loss may affect the physical stability 
of crystalline solids. Therefore, the objective of this research was to determine the physical stability of 
α-AG and GM in binary mixtures with sucrose during relative humidity (RH) storage.  
Materials and methods 
Materials 
α-AG, sold as anhydrous dextrose, and GM, sold as dextrose, was provided by Ingredion Incorporated 
(Westchester, IL).  Bakers Special Granulated sucrose was provided by Domino sugar (West Palm Beach, 
FL) and was selected due to its similar particle size to the glucose materials.  The moisture contents of α-
AG and GM were determined to be 0.04±0.0%db and 9.27±0.09%db, respectively, by volumetric Karl 
Fisher titration measured in triplicate by DonLevy Laboratories.  The moisture content of sucrose was 
determined to be 0.025±0.01%db by coulometric Karl Fisher titration measured in triplicate by Tate & 
Lyle.  During the production of commercial GM, batches are dried to moisture contents below the 
stoichiometric moisture content (10% db), typically in the range of 9.3 to 9.8%db to increase stability 
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(Mulvihill 1992).  X-ray powder diffraction (XRPD) revealed GM samples to contain a small amount 
(estimated using the diffraction pattern to be less 5% of sample) of beta-anhydrous glucose (β-AG), 
whereas α-AG was not detected in ‘as-is’ GM samples. All samples were capped, sealed with parafilm, 
and stored at room temperature between uses.   
Binary mixtures (50:50 w/w) were created of α-AG and sucrose (α-AG:S) and GM and sucrose (GM:S).  
Moisture content of the α-AG:S and GM:S samples were determined to be 0.03±0%db and 
4.21±0.03%db, respectively, by volumetric Karl Fisher titration measured in duplicate by DonLevy 
Laboratories.    
The particle size distribution of ‘as-is’ α-AG, GM, sucrose, α-AG:S and GM:S was analyzed using 
a Beckman LS 13 320 laser diffraction particle size analyzer (Brea, CA), using the  tornado dry powder 
module.  The particle size distribution is reported in Figure 7.1. 
Saturated salt slurry preparation 
Nine saturated salt slurries were utilized to create constant relative humidity environments and an 
additional desiccator, with 300g of desiccant (W.A. Hammond Drierite Co., Ltd., Xenia, OH), was used to 
create a 0%RH environment.  The aw of the desiccant, measured using the AquaLab Series 4TE (Decagon 
Devices, Pullman, WA), was less than 0.03 aw at 25°C, which is the measureable aw value lower limit of 
the instrument (Decagon Devices 2008).  The salts, listed in Table 7.1 were prepared following the 
protocol and criteria detailed in Chapter 5 and used to study caking in α-AG:S and GM:S. 
Physical stability of α-AG and GM binary mixture in relative humidity storage 
Four replicate α-AG:S and GM:S samples (1.5g) were observed for 10 weeks with mass measurements 
taken every 7 days at each storage relative humidity (0 to 84%RH).  Mass measurements were 
completed quickly using an analytical balance and returned to the desiccator to limit exposure to 
ambient conditions.  The recorded sample mass was then converted to moisture content (%db) using 
the appropriate initial moisture content.  Equilibrium was determined by consecutive mass 
measurements with a mass change of less 2 mg/g gram dry weight (Bell and Labuza 2000).  Additional 
samples of the binary mixtures were stored at each relative humidity and one sample was removed 
during mass measurements for XRPD analysis.  Any samples that spilled or were observed to have been 
contaminated were discontinued for mass measurements.  During each mass measurement, the 
samples was tapped to measure the flowability and the degree of caking was assessed using a visual five 
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point scale identifying caking category 3 and above as unacceptable caking (Figure 7.2).  Sample pictures 
were taken using a Canon PowerShot ELPH 300 HS 12.1-Megapixel Digital Camera.   
X-ray powder diffraction 
Samples were analyzed by XRPD using a Siemens-Bruker D5000 diffractometer with CuKα radiation at a 
voltage and current of 40 kV and 30 mA, respectively.  Data was collected between 8 and 46° (2° 
values) at intervals of 0.02° with a scanning rate of 4°/min.  The diffraction patterns were analyzed using 
Jade analysis software (Materials Data Inc.) with XRD patterns from the International Center for 
Diffraction Data (Newtown Square, PA).  The diffraction patterns for α-AG, GM, and sucrose are 
reported in Figure 7.3.   
Results and discussion 
Physical stability of α-AG binary mixture    
The moisture sorption profile of α-AG:S at 25°C for 10 weeks is reported in Figure 7.4.  Samples stored at 
0 to 53%RH increased in moisture content slightly, ranging from 0.06 to 0.14%db after 10 weeks of 
storage at 25°C.   α-AG:S stored at 64%RH increased to 0.47%db, whereas α-AG:S stored at 68 and 
75%RH increased to 4.64 and 5.35%db, respectively, after 10 weeks of storage.  α-AG:S stored at 84%RH 
increased in moisture content dramatically, increasing to 54.67%db after 10 weeks of storage. 
There was no change in the flowability of α-AG:S samples stored from 0 to 43%RH over the 10 weeks; all 
samples remained at a caking category 1 (Figure 7.5).  α-AG:S stored at 53%RH increased to a caking 
category 2 after just 1 week, however, remained free flowing throughout the ten week study.  α-AG:S 
stored from 64 to 75%RH experienced strong caking and all samples increased to a caking category 5 
after one week of storage. Samples stored at 84%RH experienced deliquescence, forming a solution 
after one week of storage. 
All α-AG:S samples held from 0 to 53%RH were confirmed as α-AG and sucrose by XRPD.  The diffraction 
pattern of GM was detected in α-AG:S samples stored at 64, 68, and 75%RH at week 6, 3, and 2, 
respectively.  Over time, the intensity of the α-AG diffraction pattern decreased and the intensity of the 
GM diffraction pattern increased.  After 10 weeks of storage, α-AG:S samples stored at 64 and 68%RH 
remained a mixture of α-AG, sucrose, and GM.  The α-AG diffraction pattern was no longer detected in 
α-AG:S samples stored at 75%RH after 3 weeks of storage, whereas the diffraction patterns of GM and 
sucrose were detected. 
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Hydrate formation occurred in AG:S samples stored at 64 through 75%RH, observed as an increase in 
moisture content and conversion of α-AG to GM, detected by XRPD, which also occurred in individual α-
AG samples (Chapter 5).  Increased moisture uptake was accompanied by increased caking behavior in 
α-AG:S.  Caking of α-AG:S was observed during storage at 64%RH through 75%RH at 25°C, below the 
reported RH0mix of 78%RH at 25°C (Mauer and Taylor 2010) but in accordance with the handling 
recommendations of 55%RH at 30°C (Mulvihill 1992).  Samples that experienced complete hydrate 
formation were the most severely caked.  However, caking in α-AG:S began before full hydrate 
formation during storage at 64, 68, and 75%RH.  It was previously reported that α-AG cakes during 
storage from 68 to 84%RH at 25°C (Chapter 5).  The binary mixture of α-AG:S had a decreased physical 
stability compared to α-AG stored alone (Figure 7.6).  α-AG:S caked during storage at a lower RH 
(64%RH) and also experienced deliquescence during storage at 84%RH storage. 
The particle size of sucrose is smaller than α-AG and therefore the particle size distribution of the α-AG:S 
shifts toward small particle sizes compared to the particle size distribution α-AG (Figure 7.1).  Particle 
size influences the amount of moisture sorption during RH storage, since small particle have higher 
surface adsorption and capillary condensation compared to large particles (Stoklosa and others 2012).  
Particles size also affects flowability, with small particles generally having a lower flowability than large 
particles (White and others 1967; Bhatt and Datar 1968; Juliano and Barbosa-Canovas 2010; Stoklosa 
and others 2012).  It is proposed that α-AG:S cakes due to capillary condensation caking (Figure 7.7) as 
seen previously in α-AG (Chapter 5).  Smaller particles increase capillary condensation by increasing the 
number of contact points and possible liquid bridges and decreasing the size of the capillaries that occur 
between contact points. 
Physical stability of GM binary mixture    
GM:S stored at 0 and 11%RH decreased in moisture content reaching 1.49 and 2.32%db, respectively, 
however samples did not reach equilibrium by week 10 (Figure 7.8).  Samples stored at 22 through 
43%RH remained close to the initial GM:S moisture content (4.21%db), ranging from 4.20 to 4.27%db 
after 10 weeks of storage.  Samples stored at 53, 64, 68, and 75%RH increased in moisture content to 
4.36, 4.52, 4.56, and 5.08%db, respectively.  GM:S stored at 84%RH increased in moisture content 
dramatically, increasing to 57.34%db after 10 weeks of storage. 
GM:S samples stored from 0 to 33%RH had no changes in flowability, remaining as caking category 1 
(Figure 7.9).  GM:S stored at 43%RH increased to a caking category 2 after one week of storage, however 
remained free flowing throughout the 10 week storage.  GM:S samples stored at 53%RH increased to a 
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caking category 3 and GM:S stored at 64 through 75%RH increased to a caking category 5 after one 
week of storage.  All GM:S samples stored at 53 through 75%RH remained at the increased caking 
category through the 10 week storage.  GM:S Sample stored at 84%RH experienced deliquescence, the 
formation of GM and sucrose solution, after one week of storage.  
GM and sucrose were identified as the main diffraction patterns in the GM:S samples by XRPD.  Due to 
the complexity of diffraction patterns, the β-AG content (present in the ‘as-is’ GM) could not be 
detected in any GM:S samples.  Over time, the intensity of the GM diffraction pattern in GM:S samples 
stored at 0 and 11%RH decreased and the α-AG diffraction pattern was detected at week 2 and 4, 
respectively, and continued to increase in intensity throughout the study.  There was no change in the 
sucrose diffraction pattern at 0 or 11%RH.   There was no observed change in the diffraction patterns of 
GM or sucrose in GM:S samples stored from 22 through 75%RH.   
The GM in the GM:S samples stored from 0 to 11%RH experienced hydrate loss (observed as a decrease 
in moisture content and conversion of GM to α-AG, detected by XRPD) along with no change in 
flowability. Unacceptable flowability (caking category of 3 or higher) was observed in GM:S during 
storage from 53%RH through 75%RH at 25°C, below the reported RH0mix of 78%RH at 25°C (Mauer and 
Taylor 2010) and below with the handling recommendations of 55%RH at 30°C (Mulvihill 1992).  
Increased moisture uptake was accompanied by increased caking behavior in GM:S.  However, caking in 
GM:S began before the increase in moisture content reached equilibrium during storage at 53 through 
75%RH.   
Hydrate loss was observed previously in GM stored alone at 0 and 11%RH at 25°C, with no change in 
flowability and caking occurred during storage from 53 to 84%RH at 25°C (Chapter 6).  GM:S samples 
stored at 53%RH increased to caking category 3 by the first week, whereas GM stored alone increased to 
a caking category 3 by week 14.  Both GM:S and GM samples stored from 64 through 75%RH increased 
to a caking category 5 after one week of storage.  GM:S samples stored at 84%RH experienced 
deliquescence and, therefore, a large increase in moisture content, not observed during the storage of 
GM.  The binary mixture of GM:S had a decreased physical stability (caked faster during storage at 
53%RH and experienced deliquescence during storage at 84%RH) compared to GM stored alone (Figure 
7.6).   
The particle size of sucrose falls within the particle size distribution of GM and does not dramatically 
change the particle size distribution of the GM:S from GM (Figure 7.1).  Therefore, the amount of 
surface adsorption and capillary condensation will not differ greatly from GM stored as an individual 
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ingredient.  GM was observed to cake below its RH0 due to capillary condensation caking (Figure 7.7) 
(Chapter 6) and it is proposed that the slight change in particle size distribution causes GM:S samples to 
cake more quickly at 53%RH than GM stored as an individual ingredient at 25°C.   
Conclusions 
The physical stability of α-AG and GM during RH storage was impacted when stored as a binary mixture 
with sucrose compared to storage alone.  Caking was observed in α-AG:S at a lower RH than α-AG and 
caking occurred in GM:S more quickly than GM during storage at 53%RH at 25°C.  Additionally, due to 
deliquescence lowering, both α-AG:S and GM:S stored at 84%RH at 25°C experience deliquescence, not 
observed during individual storage.  Adding ingredients, such as sucrose, to α-AG changes the particle 
size distribution of the sample and is therefore influences the water-solid interactions leading to caking 
and flowability.   
Research is needed to differentiate the effect of particle size and the effect of surface morphology on 
caking in mixtures of crystalline ingredients.  Although the smaller particle size of sucrose was found to 
effect caking in α-AG, surface morphology, friction between particles, and chemical structure differences 
were not studied.  Additionally, powdered mixtures may contain amorphous content, which will also 
influence the water-solid interactions leading to caking, however was not investigated herein.   
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Figures 
 
 
Figure 7.1.  Particle size distribution of α-AG:S, GM, α-AG, sucrose, and GM:S.  
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Category – Definition Images 
Acceptable flowability 
1 – Free flowing, free of caking or clumping (3 
or less small clumps) 
 
(α-AG initial) 
 
(GM initial) 
2 – Free flowing, few clumps (3 to 10 small 
clumps)  
 
(α-AG stored at 64%RH) 
 
(GM stored at 33%RH) 
Unacceptable flowability 
3 – Clumped, majority of sample  is small 
clumps (more than 10 small clumps) 
 
(GM stored at 53%RH) 
4 – Partially caked, majority of sample is small 
cakes (2 or more large clumps, may be some 
free flowing powder and/or small clumps as 
well) 
 
(α-AG stored at 68%RH) 
5 – Fully caked, sample is one solid mass (may 
be broken, no free flowing powder) 
 
(α-AG stored at 84%RH) 
 
(GM stored at 84%RH) 
Figure 7.2.  Caking category and associated images of the five-point visual physical stability scale used 
herein. 
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Figure 7.3.  XRPD patterns for α-AG and GM from the International Center for Diffraction Data (Newton 
Square, PA).  Characteristics peaks at 12.6 and 19.6° were used to identify GM, a single peak at 20.6° 
was used to identify α-AG and 24.8° was used to identify sucrose. 
α-AG 
GM 
Sucrose 
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Figure 7.4.  Moisture content of α-AG:S stored from 0 through 75%RH in desiccator study at 25°C for 10 
weeks.  Moisture content of α-AG stored at 84%RH not shown due the high moisture content 
deliquescence. 
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 Week 0 Week 4 Week  10 
0-43%RH 
(0%RH shown) 
   
Caking category: 1 (free flowing) 1 1 (free flowing) 
Moisture content (%db): 0.03 0.02 0.06 
Composition: α-AG, Sucrose α-AG, Sucrose α-AG, Sucrose 
53%RH 
   
 1 (free flowing) 2 2 (3-10 clumps) 
 0.03 0.12 0.14 
 α-AG, Sucrose GM, Sucrose GM, Sucrose 
64%RH 
 
   
 1 (free flowing) 5 5 (fully caked) 
 0.03 0.23 0.48 
 α-AG, Sucrose α-AG, GM, Sucrose α-AG, GM, Sucrose 
68%RH 
 
   
 1 (free flowing) 5 5 (fully caked) 
 0.03 1.64 4.64 
 α-AG, Sucrose α-AG, GM, Sucrose α-AG, GM, Sucrose 
75%RH 
   
 1 (free flowing) 5 5 (fully caked) 
 0.03 5.25 5.35 
 α-AG, Sucrose GM, Sucrose GM, Sucrose 
Figure 7.5.  Image, caking category, moisture content, composition as determined by XRPD of α-AG:S 
held from 0 to 84%RH at 25°C for 10 weeks during storage testing. 
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84%RH 
   
 1 (free flowing) Deliquescence Deliquescence 
 0.03 43.20 64.67 
 α-AG, Sucrose N/A N/A 
Figure 7.5.  Continued. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure7.6. Comparison of α-AG, α-AG:S, GM and GM:S caking during RH storage at 25°C. 
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Figure 7.7.  Proposed schematic of humidity caking in crystalline materials via deliquescence and 
capillary condensation caking mechanisms.  RHcc is the critical RH at which capillary condensation results 
in liquid bridge formation, which over time may solidify by mass transfer* (Kirsch and others 2011) 
without change to %RH or temperature. 
 
 
 
Figure 7.8.  Moisture content of GM:S stored from 0 through 75%RH in desiccator study at 25°C for 10 
weeks.  Moisture content of GM stored at 84%RH not shown due the high moisture content 
deliquescence.  
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 Week 0 Week 5 Week  10 
0-11%RH 
(0%RH shown) 
   
Caking category: 1 (free flowing) 1 1 (free flowing) 
Moisture content (%db): 4.29 3.06 1.49 
Composition: GM, Sucrose GM, Sucrose, α-AG GM, Sucrose, α-AG 
33%RH 
 
   
 1 (free flowing) 1 1 (free flowing) 
 4.29 4.22 4.25 
 GM, Sucrose GM, Sucrose GM, Sucrose 
43%RH 
   
 1 (free flowing) 2 2 (3-10 clumps) 
 4.29 4.22 4.25 
 GM, Sucrose GM, Sucrose GM, Sucrose 
53%RH 
   
 1 (free flowing) 2-3 3 (clumped) 
 4.29 4.30 4.36 
 GM, Sucrose GM, Sucrose GM, Sucrose 
64-75%RH 
(64%RH shown) 
   
 1 (free flowing) 5 5 (fully caked) 
 4.29 4.46 4.52 
 GM, Sucrose GM, Sucrose GM, Sucrose 
Figure 7.9.  Image, caking category, moisture content, composition as determined by XRPD of GM:S held 
from 0 to 84%RH at 25°C for 10 weeks during storage testing. 
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84%RH 
   
 1 (free flowing) Deliquescence Deliquescence 
 4.29 48.28 57.34 
 GM, Sucrose N/A N/A 
Figure 7.9.  Continued. 
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Tables 
 
Table 7.1.  Literature equilibrium relative humidity of saturated salt solutions and measured equilibrium 
relative humidity of desiccant at 25°C used for α-AG:S and GM:S desiccators.   
Salt %RH 
Desiccant <3.01 
LiCl 11.30±0.272 
KC2H3O2 22.51±0.32
2 
MgCl2 32.78±0.16
2 
K2Co3 43.16±0.39
2 
Mg(NO3)2 52.89±0.22
2 
NaNO2 64.4
3 
KI 68.86±0.242 
NaCl 75.29±0.122 
KCl 84.34±0.262 
1Converted from measured water activity value using the AquaLab Series 4TE, with a measureable lower 
limit of 0.0300 aw, 
2Greenspan (1997), 3Young (1967) 
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Chapter 8:  Summary 
Conclusions 
Alpha-anhydrous glucose (α-AG) and glucose monohydrate (GM) are used as ingredients throughout the 
food industry and are relatively stable, with a shelf life of three years (material specification sheets, 
Appendix C).  However, this research has observed hydrate formation and hydrate loss, in α-AG and GM 
respectively, during storage at 25°C for one year.  To ensure the correct form of glucose, α-AG should be 
stored below 64%RH at 25°C and GM should be stored above 11%RH at 25°C.  The mechanisms of 
glucose hydrate formation and loss both follow nucleation and diffusion mechanisms under 
experimental conditions used herein, and Raman spectroscopy was identified as a valuable tool to 
confirm solid-state mechanisms.   α-AG hydrate formation occurs more rapidly, in less than one week, 
during high relative humidity storage (84%RH) than GM hydrate loss, which occurs over at least 10 
weeks during low relative humidity storage (0%RH) at 25°C.  However, hydrate loss in GM was observed 
to occur much more rapidly at 35°C than 25°C, 48 hours, and the kinetics of hydrate formation and loss 
will differ by temperature. 
Caking was observed in α-AG and GM during relative humidity storage and is greatly influenced by 
particle size.  To retain a free flowing material, α-AG and GM should be stored below 68 and 53%RH at 
25°C, respectively.  However, large particles of α-AG and GM had greater stability than small particles, 
and may be advantageous to use in powdered food formulations.  No amorphous content was detected 
in the initial α-AG and GM samples or during relative humidity storage.  Additionally, the caking 
observed in this research was associated with constant relative humidity storage below the 
deliquescence point, and is therefore attributed to capillary condensation caking.  Smaller particles have 
an increased number of contact points, as well as smaller capillaries, which can be filled at a lower 
relative humidity; contributing to more liquid bridging in small particle size samples.  Over time, the 
liquid bridges solidify, causing the caking observed in α-AG and GM.  Capillary condensation and the 
solidification of liquid bridges can occur quickly at high relative humidity storage, in less than one week 
for α-AG and GM stored at 68 through 84%RH at 25°C.   
The water sorption of α-AG and GM was studied under dynamic conditions using a dynamic isotherm 
generator, which has been used previously to investigate water-solid interactions and the relationship 
between water activity and moisture content of a material (Carter and Fontana 2008; Yao and others 
2011; Schmidt and Lee 2012).  It is acknowledged herein, that dynamic dew-point isotherms (DDIs) are 
not completed under equilibrium conditions and therefore, the data obtained must be carefully 
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reviewed.  Yao and others (2011) reported the deliquescence point (RH0) of sucrose, as determined by a 
dynamic isotherm generator, to match the literature RH0 of sucrose obtained in equilibrium.  However, 
glucose undergoes a chemical change (i.e. hydrate formation) during relative humidity storage and the 
additional water-solid interaction affects the observed deliquescence behavior.  For that reason, 
dynamic deliquescence point (RH0d) is used as an alternative term for the deliquescence point of a 
material that is affected by chemical change when exposed to a high relative humidity under dynamic 
conditions, as in the AquaSorp Isotherm Generator (Decagon Devices, Pullman WA).   Despite matching 
the reported RH0d of α-AG and the literature equilibrium RH0, hydrate formation in α-AG occurs prior to 
deliquescence during storage under equilibrium and dynamic conditions and therefore, a true 
equilibrium deliquescence point of α-AG is not possible to measure.   
Future work 
This research has substanially added to the available literature on glucose however, much work can be 
done to further understand water-solid interactions, solid-state reactions, and stability of other 
crystalline food ingredients.  Although the mechanisms of hydrate formation and loss in glucose are 
reported herein, a mathematical model expressing both the nucleation and diffustion mechanisms, 
which accurately predicts the solid-state conversion was outside the scope of this research and would 
be valuable for future solid-state kinetic research.  Additionally, it was observed that particle size has an 
effect on the kinetics of hydrate formation and loss and therfore the mechanism of hydrate formation 
and loss may differ by particle size.  The magnitude of the effect was not studied nor the solid-state 
kinetics investigated by particle size.  Temperature may affect the mechanism of hydrate formation and 
loss in glucose as well and may be studied in the future.   
Commercial GM was found to contain a small amount of β-AG, which is hypothesized to be created 
during the industrial drying process of GM.  In the GM studies herein, the β-AG content present in GM 
samples decreased during storage at 53 through 84%RH at 25°C.  After 20 weeks of storage, GM samples 
stored from 53 to 84%RH contained only GM as determined by X-ray powder diffraction.  However, only 
β-AG stored alone at 75 and 84%RH at 25°C was observed to experience hydrate formation (conversion 
of β-AG to GM), not at any other RH from 0 to 68%RH (Appendix A).  Conversely, deliquescence of β-AG 
was reported to occur at 74%RH and 25°C (Salameh and others 2006).  Additional studies are clearly 
needed to thoroughly document and understand the water-solid interactions of β-AG especially in the 
presence of GM.   
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Many crystalline food ingredients have been reported to cake below the deliquescence point and this 
research introduced an additional caking mechanism, capillary condensation caking, to describe the 
caking observed.  The kinetics of capillary condensation caking as well as the strength and composition 
of the liquid bridges, and consequent solid bridges, will need to be studied in the future.  Additionall, the 
mechanism of capillary condensation caking may be able to be captured visually by similar research 
techniques used to study caking in urea by Wahl and others (2008) and Kirsch and others (2012).  A 
comparision of the kinetics and strength of caking between capillary condensation caking and 
deliquescence induced caking would be an interesting continuation of this work. 
The storage studies completed in this research were at 25°C, and therefore data is needed to 
understand the effect of temperature and temperature cycling on capillary condensation caking in α-AG 
and GM.  It is hypothesized based on preliminary results, that GM is less stable during temperature 
cycling, than α-AG; however, storage parameters could not be determined without additional studies.  
Finally, this work does not extrapolate beyond commercially available α-AG or GM, and therefore 
studying fully hydrated GM or other lab-generated versions of α-AG or GM may be of interest as well.   
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Appendix A:  β-anhydrous glucose 
Introduction 
Since beta-anhydrous glucose (β-AG) is a component of the glucose monohydrate (GM) sample used in 
this research, it is important to address the role of β-AG in hydrate formation.  β-AG does not have a 
hydrated structure, however can mutarotate to alpha-anhydrous glucose (α-AG), which can then form 
the GM structure.  No literature was found on crystalline β-AG and hydrate formation, however, lactose 
hydrate formation has a similar structure with an α-anhydrous, β-anhydrous, and α-monohydrate form.  
Listiohadi and others (2008) reported that β-anhydrous lactose stored at 75%RH for 90 days increased in 
moisture content and decreased in β-anhydrous lactose as measured by HPLC.  The conversion of β- to 
α-anhydrous lactose was much slower than the conversion of α-anhydrous lactose to lactose 
monohydrate at 75%RH (Listiohadi and others 2008).  Storage of β-anhydrous lactose at higher relative 
humidity values leads to increased mutarotation and increased hydrate formation (Angberg and others 
1991).  Furthermore, complete dissolution of β-anhydrous lactose was not found to be necessary for 
mutarotation to occur (Listiohadi and others 2008; Angberg and others 1991; Angberg and others 1992).   
The water-solid interactions of crystalline solids are important to understand in order to investigate the 
introduction of water in the system and possible caking.  Caking observed in crystalline materials is 
typically due to partial dissolution of a material held at or above its deliquescence point (RH0); however, 
many materials are observed to cake below its RH0 (Roge and Mathlouthi 2000; Billings and others 2006; 
Hou and Sun 2008; Wahl and others 2008).  The objectives of this research were to: a) investigate the 
dynamic water sorption profile of β-AG and b) determine the physical stability and composition of β-AG 
during relative humidity storage.  
Material and methods 
Materials 
β-AG was purchased from TCI America (Portland OR).  Moisture content of β-AG was determined to be 
0.07±0.0%db by volumetric Karl Fisher titration measured in duplicate by DonLevy Laboratories.  β-AG 
was capped, sealed with parafilm, and stored below 0°C between uses.   
Dynamic dewpoint isotherm generation 
Dynamic dewpoint isotherms (DDIs) of β-AG were generated in triplicate using the AquaSorp Isotherm 
Generator (Decagon Devices, Pullman, WA).  The AquaSorp was verified using salt solutions of 13.41m 
LiCl (0.250 aw) and 6.0m NaCl (0.760 aw) at 25C, according to the Operator’s Manual (Decagon Devices 
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2007).  The β-AG sample (300 to 400mg) was ramped using a flow rate of 300mL/min from its initial 
water activity (aw) value to 0.95.  The measured aw value of a crystalline material is not constant, but 
rather quickly mirrors the %RH of its environment.  The initial measured aw of β-AG for example, 
measured using the AquaLab Series 4TE (Decagon Devices, Pullman, WA) at 25°C, ranged from 0.2557 to 
0.5090 depending on the relative humidity of the room on the day it was measured. This large variation 
is expected due to rapid adsorption of surface water by crystalline solids when exposed to different 
room relative humidity values (Schmidt 2012).  The DDIs of all samples were generated at 25°C and the 
recorded sample mass was converted to moisture content (%db) using the initial moisture content.   
Saturated salt slurry and preparation 
Nine saturated salt slurries were utilized to create constant relative humidity environments and an 
additional desiccator, with 300g of desiccant (W.A. Hammond Drierite Co., Ltd., Xenia, OH), was used to 
create a 0%RH environment.  The aw of the desiccant, measured using the AquaLab Series 4TE (Decagon 
Devices, Pullman, WA), was less than 0.0305±0.0001 aw at 25°C, which is the measureable aw value 
lower limit of the instrument (Decagon Devices 2008).  The salts, listed in Table A.1, were prepared 
following the protocol and criteria detailed in Chapter 5 and used to study caking in β-AG at 25°C.  
Physical stability of β-AG in relative humidity storage  
Five replicate β-AG samples (1.5g) were observed for 20 weeks with mass measurements taken every 7 
days for 10 weeks and every 5 weeks for an additional 10 weeks at each relative humidity (0 to 84%RH).  
Mass measurements were completed quickly using an analytical balance and returned to the desiccator 
to limit exposure to ambient conditions.  The recorded sample mass was then converted to moisture 
content (%db) using the initial β-AG moisture content.  Equilibrium was determined by consecutive mass 
measurements with a mass change of less 2 mg/g gram dry weight (Bell and Labuza 2000).  Additional 
samples of β-AG were stored at each relative humidity and one sample was removed during mass 
measurements for X-ray powder diffraction (XRPD) analysis.  Any samples that spilled or were observed 
to have been contaminated were discontinued for mass measurements.  During each mass 
measurement, the degree of caking was assessed using the visual five point scale detailed in Chapter 5, 
Figure A.1, and sample pictures were taken using a Canon PowerShot ELPH 300 HS 12.1-Megapixel 
Digital Camera.    
X-ray powder diffraction 
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Samples were analyzed by XRPD using a Siemens-Bruker D5000 diffractometer (Madison, WI) with CuKα 
radiation at a voltage and current of 40 kV and 30 mA, respectively.  Data was collected between 8 and 
46° (2° values) at intervals of 0.02° with a scanning rate of 4°/min.  The diffraction patterns were 
analyzed using Jade analysis software (Materials Data Inc.) with XRD patterns from the International 
Center for Diffraction Data (Newtown Square, PA).  The diffraction patterns for β-AG, GM, and α-AG 
glucose are reported in Figure A.2.   
Results and discussion 
Dynamic dewpoint isotherms  
The DDI of β-AG at 25°C, reported in Figure A.3, displays an atypical sorption profile.  A large increase in 
moisture content (up to 30%db) occurs at 73.1±0.02%RH, which is slightly less than the literature 
deliquescence value (RH0) of 74%RH (Salameh and others 2006).  However, after the large increase in 
moisture content, the water activity continues to increase and then remains at 84%RH.  The water 
activity of the saturated solution may change due to the mutarotation of β-AG to α-AG in solution, 
causing the increase in water activity of the solution. 
Physical stability of β-AG 
The moisture sorption profile of β-AG at 25°C for 20 weeks is reported in Figure A. 4.  β-AG samples 
stored from 0 to 68%RH decreased in moisture content, ranging from -0.2 to -0.06%db at the 
completion of the 20 week study.  Therefore, some inconsistency is apparent between the initial 
moisture content and water desorption data.  The final moisture content of β-AG samplers were not 
measured analytically (e.g. Karl Fischer titration), and may help discern the error in moisture content 
data if repeated in the future.  β-AG stored at 75%RH increased in moisture content over time, reaching  
5.6%db after 20 weeks but did not reach equilibrium.  β-AG stored at 84%RH increased in moisture 
content to 10.1% after one week and remained in equilibrium throughout the 20 week study. 
Caking was observed in β-AG during RH storage and is reported in Figure A.5.  The initial sample of β-AG 
was not free flowing, categorized as a caking category 3, upon receiving.  There was no change in 
flowability of GM samples stored from 0 to 64%RH, which remained as caking category 3 throughout the 
20 week study.  β-AG stored at 68 and 75%RH increased to a caking category 5 by week 1 and remained 
as a solid cake through week 20.   β-AG stored at 84%RH increased in flowability, decreasing to a caking 
category 2 by week 1.  Deliquescence was not observed in the desiccator study.      
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β-AG stored from 0 through 68%RH had no change in diffraction patterns, remaining β-AG throughout 
the 20 week storage study.  β-AG stored at 75%RH changed in composition overtime; the diffraction 
pattern of GM appeared at week 1 and grew in intensity through week 20, whereas the diffraction 
pattern for β-AG decreased over time (Figure A.6).  Samples stored at 84%RH were identified by XRPD as 
GM after one week of storage.  No α-AG diffraction pattern or amorphous content was detected in any 
samples throughout the 20 week storage.   
It is proposed that β-AG mutarotates in available water, due to surface adsorption and capillary 
condensation, into α-AG at 75 and 84%RH at 25°C.  This mechanism is also reported to occur due the 
conversion of beta-anhydrous lactose to lactose monohydrate (Listiohadi and others 2008; Angberg and 
others 1991; Angberg and others 1992).  Subsequent hydrate formation occurs very quickly since no α-
AG was detected throughout β-AG storage.  Since deliquescence was not observed under equilibrium 
conditions, completion of hydrate formation in β-AG occurs prior to deliquescence of the material.  β-AG 
samples stored at 75 and 84%RH at 25°C increased in moisture content and caking category, however 
caking was observed before complete hydrate formation in β-AG stored at 75%RH.  Furthermore, β-AG 
stored at 68%RH and 25°C did not increase in moisture content, but increased to a caking category 5 
after one week of storage.  It is proposed that mutarotation of β-AG to α-AG and subsequent hydrate 
formation does not induce caking during equilibrium storage at 68 and 75%RH at 25°C.   
Under equilibrium conditions, β-AG stored at 75 and 84%RH increased in moisture content, which is 
attributed to hydrate formation following mutarotation.  Deliquescence was not observed in the 
desiccator study, confirming that under equilibrium conditions, β-AG mutarotates to α-AG and converts 
to GM prior to deliquescence of the material.  Comparatively, the DDI of β-AG at 25°C (Figure A.3) 
increased in moisture content to more than 30%db due to deliquescence at 73.1±0.02%RH, well above 
the stoichiometric GM moisture content (10%db).  Due to the exposure of β-AG to 100%RH under the 
dynamic conditions in the AquaSorp, β-AG undergoes deliquescence before full mutarotation and 
hydrate formation. 
Conclusions  
β-AG present in “as-is” GM samples undergoes mutarotation to α-AG in the presence of surface water 
and capillary condensation and does not need complete dissolution of the sample to occur.  The 
subsequent hydrate formation of α-AG at high RH occurs much more quickly than mutarotation and 
does not lead to caking under equilibrium conditions.  Exposure of β-AG to high RH (100%RH) under 
dynamic conditions causes a large increase in moisture content prior to the occurrence of mutarotation 
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or hydrate formation.  β-AG may lower the stability of GM due to sorption of water at high RH leading to 
caking.  
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Figures 
Category – Definition Images 
Acceptable flowability 
1 – Free flowing, free of caking or clumping (3 
or less small clumps) 
 
(α-AG ‘as-is’) 
 
(GM ‘as-is’) 
2 – Free flowing, few clumps (3 to 10 small 
clumps)  
 
(α-AG stored at 64%RH) 
 
(GM stored at 33%RH) 
Unacceptable flowability 
3 – Clumped, majority of sample  is small 
clumps (more than 10 small clumps) 
 
(α-AG stored at 68%RH) 
4 – Partially caked, majority of sample is small 
cakes (2 or more large clumps, may be some 
free flowing powder and/or small clumps as 
well) 
 
(GM stored at 53%RH) 
5 – Fully caked, sample is one solid mass (may 
be broken, no free flowing powder) 
 
(α-AG stored at 84%RH) 
 
(GM stored at 84%RH) 
Figure A.1.  Caking category and associated images of the five-point visual physical stability scale used 
herein. 
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Figure A.2.  XRPD patterns for β-AG, GM, and α-AG from the International Center for Diffraction Data 
(Newton Square, PA).  Characteristics peaks at 12.6 and 19.6° were used to identify GM, peaks at 16.3 
and 16.9° were used to identify β-AG, and a single peak at 20.6° was used to identify α-AG. 
α-AG 
β-AG 
 
GM 
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Figure A.3.  DDI of β-AG at 25°C. 
 
 
 
 
 
Figure A.4.  Moisture content (%db) of β-AG stored from 0 through 84%RH in desiccator study at 25°C 
for 20 weeks. 
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 Week 0 Week 5 Week  10 Week 20 
0-64%RH 
(0%RH shown) 
    
Caking category: 3 (clumped) 3 3 3 (clumped) 
Moisture content (%db): 0.07 -0.24 -0.24 -0.20 
Composition: β-AG β-AG β-AG β-AG 
68%RH 
    
 3 (clumped) 5 5 5 (fully caked) 
   0.07 -0.20 -0.20 -0.16 
 β-AG β-AG β-AG β-AG 
75%RH 
    
 3 (clumped) 5 5 5 (fully caked) 
 0.07 2.84 4.00 5.59 
 β-AG β-AG, GM β-AG, GM β-AG, GM 
84%RH 
    
 3 (clumped) 2 2 2 (clumped, free 
flowing) 
 0.07 9.86 9.90 9.91 
 β-AG GM GM GM 
Figure A.5.  Image, caking category, moisture content, composition as determined by XRPD of β-AG held 
from 0 to 84%RH at 25°C for 20 weeks. 
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Figure A.6.  XRPD patterns for β-AG held 75%RH and 25°C at 0, 5, 10, and 20 weeks. 
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Tables 
Table A.1.   Literature equilibrium relative humidity of saturated salt solutions and measured equilibrium 
relative humidity of desiccant at 25°C used for α-AG desiccators.   
Salt %RH 
Desiccant <3.01 
LiCl 11.30±0.272 
KC2H3O2 22.51±0.32
2 
MgCl2 32.78±0.16
2 
K2Co3 43.16±0.39
2 
Mg(NO3)2 52.89±0.22
2 
NaNO2 64.4
3 
KI 68.86±0.242 
NaCl 75.29±0.122 
KCl 84.34±0.262 
1Converted from measured water activity value using the AquaLab Series 4TE, with a measureable lower 
limit of 0.03 aw, 
2Greenspan (1997), 3Young (1967) 
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Appendix B:  Figure and table data 
Table B.1.  Data from Figure 3.2 (α-AG at 15°C). 
Water 
activity (aw) 
Moisture 
content (%db) 
 Water 
activity (aw) 
Moisture 
content (%db) 
 Water 
activity (aw) 
Moisture 
content (%db) 
0.465 0.02  0.909 9.89  0.911 10.07 
0.571 0.04  0.907 9.80  0.913 10.14 
0.630 0.04  0.906 9.75  0.912 10.21 
0.666 0.07  0.906 9.68  0.913 10.27 
0.694 0.00  0.907 9.61  0.914 10.37 
0.716 -0.05  0.906 9.48  0.912 10.30 
0.729 -0.05  0.907 9.41  0.907 10.07 
0.745 -0.02  0.908 9.55  0.906 10.43 
0.757 -0.02  0.907 9.55  0.906 10.46 
0.767 0.02  0.904 9.55  0.904 10.68 
0.779 0.04  0.909 9.43  0.903 10.64 
0.788 0.06  0.908 9.30  0.904 10.73 
0.794 0.09  0.909 9.30  0.908 10.73 
0.799 0.16  0.908 9.14  0.905 10.79 
0.803 0.32  0.910 9.23  0.906 10.82 
0.808 0.68  0.912 9.28  0.906 10.86 
0.853 1.25  0.914 9.35  0.905 10.71 
0.862 1.45  0.909 9.30  0.903 10.93 
0.871 1.61  0.912 9.34  0.902 10.95 
0.878 1.84  0.911 9.39  0.904 10.86 
0.859 2.34  0.910 9.35  0.903 11.18 
0.849 3.99  0.909 9.34  0.903 11.13 
0.855 5.40  0.910 9.19  0.905 11.11 
0.856 6.60  0.909 9.25  0.903 11.14 
0.867 7.67  0.907 9.21  0.904 11.14 
0.873 8.57  0.909 9.34  0.903 11.21 
0.882 9.34  0.911 9.21  0.903 11.16 
0.891 9.86  0.914 9.07  0.902 11.21 
0.895 10.12  0.911 9.00  0.901 11.20 
0.898 10.39  0.911 9.16  0.901 11.14 
0.901 10.41  0.909 9.23  0.902 11.04 
0.903 10.45  0.912 9.37  0.906 11.09 
0.905 10.43  0.908 9.46  0.904 10.88 
0.905 10.37  0.907 9.48  0.903 10.77 
0.906 10.32  0.910 9.55  0.903 10.57 
0.910 10.28  0.908 9.68  0.904 10.50 
0.905 10.18  0.909 9.82  0.904 10.45 
0.905 10.07  0.911 9.95  0.902 10.32 
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Table B.1.  Continued. 
Water 
activity (aw) 
Moisture 
content (%db) 
 Water 
activity (aw) 
Moisture 
content (%db) 
 Water 
activity (aw) 
Moisture 
content (%db) 
0.906 9.95  0.901 10.70  0.921 10.89 
0.901 10.55  0.900 10.86  0.923 10.79 
0.900 10.68  0.900 10.75  0.923 10.89 
0.902 10.61  0.902 10.95  0.922 10.66 
0.902 10.73  0.909 9.98  0.927 10.77 
0.901 10.68  0.904 10.89  0.936 10.98 
0.902 10.64  0.903 10.77  0.939 11.13 
0.905 10.71  0.903 10.82  0.937 11.11 
0.901 10.80  0.906 10.80  0.900 10.48 
0.900 10.71  0.907 11.09  0.935 12.77 
0.903 10.84  0.903 11.00  0.939 13.40 
0.902 10.71  0.905 10.86  0.939 13.92 
0.901 10.88  0.907 10.57  0.937 14.33 
0.902 10.50  0.908 11.02  0.940 14.72 
0.901 10.64  0.908 10.86  0.941 15.35 
0.901 10.80  0.910 10.88  0.943 16.26 
0.901 10.52  0.916 10.84  0.944 17.28 
0.899 10.96  0.911 10.79  0.944 18.17 
0.905 10.79  0.915 10.95  0.945 19.49 
0.900 10.88  0.914 10.82  0.947 20.98 
0.901 10.59  0.915 10.88  0.948 22.64 
0.900 10.55  0.915 10.93  0.947 24.54 
0.903 10.77  0.912 10.93  0.948 26.47 
0.900 10.61  0.912 10.88  0.949 28.49 
0.900 10.64  0.916 10.82  0.949 30.55 
0.901 10.32  0.915 11.05  0.947 32.59 
0.899 10.43  0.916 10.86  0.946 34.61 
0.898 10.48  0.919 10.71  0.947 36.68 
0.899 10.79  0.918 10.80  0.947 38.74 
0.901 10.73  0.921 10.77  0.947 40.86 
0.900 10.68  0.920 10.82  0.946 43.03 
0.900 10.61  0.934 11.34  0.945 45.25 
0.899 10.64  0.936 11.70  0.947 47.50 
0.899 10.71  0.935 11.91  0.946 50.00 
0.901 10.70  0.938 12.43  0.945 52.33 
0.900 10.80  0.920 10.91    
0.901 10.39  0.921 10.88    
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Table B.2.  Data from Figure 3.2 (α-AG at 25°C). 
Water activity (aw) Moisture content (%db) 
0.416 0.200 
0.691 0.170 
0.766 0.200 
0.78 0.230 
0.785 0.370 
0.786 0.550 
0.807 1.100 
0.835 1.440 
0.845 1.560 
0.857 1.790 
0.864 1.930 
0.874 2.280 
0.88 2.510 
0.886 3.000 
0.886 3.810 
0.907 7.370 
0.912 9.250 
0.926 12.720 
0.934 15.030 
0.936 18.330 
0.933 22.460 
0.931 26.480 
0.928 30.840 
0.928 35.530 
0.926 40.360 
0.925 45.390 
0.925 50.990 
0.924 56.720 
0.924 62.410 
0.923 68.480 
0.923 73.950 
0.923 79.790 
0.924 85.770 
0.924 91.730 
0.925 97.190 
0.928 102.340 
0.929 107.250 
0.933 111.930 
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Table B.3.  Data from Figure 3.2 (α-AG at 35°C). 
Water activity (aw) Moisture content (%db) 
0.248 0.200 
0.457 0.200 
0.575 0.250 
0.638 0.300 
0.675 0.275 
0.695 0.350 
0.708 0.374 
0.716 0.424 
0.726 0.474 
0.731 0.598 
0.735 0.847 
0.770 1.269 
0.783 1.418 
0.792 1.568 
0.801 1.742 
0.809 1.916 
0.814 2.264 
0.817 2.984 
0.814 5.048 
0.807 15.612 
0.816 26.848 
0.839 35.374 
0.849 39.450 
0.851 43.502 
0.851 48.498 
0.853 53.470 
0.854 58.541 
0.854 63.835 
0.855 68.981 
0.858 73.977 
0.864 78.377 
0.870 82.578 
0.874 86.331 
0.877 88.917 
0.884 92.024 
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Table B.4.  Data from Figure 3.4. 
Time 
(days) 
%RH storage 
22 33 38 43 53 58 64 68 75 84 
0 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
7 0.03 0.03 0.05 0.08 0.12 0.13 0.13 0.19 0.92 10.38 
14 0.04 0.05 0.05 0.09 0.12 0.14 0.14 0.26 3.36 10.41 
21 0.07 0.09 0.09 0.11 0.14 0.16 0.16 0.30 6.02 10.39 
28 0.04 0.06 0.07 0.10 0.13 0.15 0.13 0.39 7.45 10.41 
35 0.06 0.07 0.07 0.10 0.13 0.14 0.14 0.46 8.32 10.41 
42 0.07 0.06 0.08 0.11 0.15 0.15 0.16 0.48 8.88 10.40 
49 0.05 0.05 0.08 0.12 0.16 0.16 0.17 0.58 9.27 10.41 
56 0.06 0.07 0.07 0.09 0.13 0.14 0.16 0.74 9.52 10.40 
63 0.03 0.05 0.07 0.09 0.13 0.13 0.15 0.83 9.72 10.38 
70 0.05 0.07 0.09 0.11 0.15 0.16 0.18 0.96 9.85 10.42 
77 0.05 0.07 0.10 0.13 0.17 0.17 0.19 0.82 9.90 10.43 
84 0.07 0.08 0.11 0.13 0.16 0.17 0.19 1.16 9.99 10.44 
91 0.06 0.07 0.11 0.12 0.16 0.18 0.23 1.30 10.05 10.45 
98 0.08 0.07 0.09 0.12 0.16 0.18 0.18 1.45 10.07 10.44 
105 0.11 0.11 0.14 0.15 0.20 0.19 0.23 1.64 10.09 10.48 
112 0.10 0.08 0.11 0.13 0.18 0.18 0.23 1.87 10.11 10.46 
119 0.07 0.06 0.10 0.11 0.15 0.17 0.22 2.13 10.13 10.44 
126 0.06 0.07 0.11 0.13 0.18 0.19 0.23 2.44 10.17 10.47 
133 0.10 0.08 0.11 0.14 0.19 0.19 0.22 2.70 10.15 10.50 
140 0.12 0.09 0.13 0.16 0.17 0.19 0.25 3.05 10.15 10.52 
147 0.12 0.09 0.28 0.23 0.20 0.23 0.29 3.38 10.15 10.59 
154 0.12 0.12 0.14 0.14 0.16 0.19 0.24 3.77 10.18 10.52 
161 0.11 0.12 0.13 0.15 0.17 0.19 0.27 4.13 10.17 10.53 
168 0.11 0.12 0.14 0.15 0.17 0.19 0.28 4.48 10.14 10.54 
175 0.12 0.15 0.13 0.15 0.16 0.19 0.27 4.86 10.17 10.53 
182 0.11 0.10 0.13 0.14 0.17 0.20 0.29 5.20 10.19 10.54 
189 0.12 0.10 0.13 0.15 0.16 0.19 0.29 5.66 10.18 10.54 
196 0.10 0.09 0.14 0.15 0.16 0.20 0.30 6.11 10.16 10.52 
203 0.11 0.11 0.16 0.17 0.19 0.22 0.32 6.53 10.18 10.53 
210 0.09 0.09 0.14 0.16 0.18 0.21 0.35 6.85 10.18 10.54 
217 0.10 0.09 0.14 0.15 0.17 0.19 0.34 7.15 10.18 10.53 
224 0.09 0.09 0.14 0.14 0.16 0.18 0.32 7.47 10.22 10.50 
231 0.08 0.08 0.12 0.12 0.15 0.18 0.32 7.65 10.17 10.50 
238 0.08 0.07 0.11 0.13 0.16 0.19 0.34 7.87 10.17 10.51 
245 0.08 0.07 0.12 0.13 0.15 0.18 0.34 8.06 10.18 10.50 
252 0.09 0.07 0.13 0.14 0.17 0.18 0.36 8.21 10.17 10.52 
259 0.08 0.08 0.13 0.14 0.18 0.21 0.38 8.37 10.17 10.54 
266 0.09 0.08 0.13 0.13 0.14 0.18 0.34 8.50 10.17 10.51 
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Table B.4.  Continued. 
Time 
(days) 
%RH storage 
22 33 38 43 53 58 64 68 75 84 
273 0.08 0.08 0.13 0.14 0.15 0.19 0.37 8.62 10.17 10.51 
280 0.09 0.08 0.13 0.14 0.15 0.18 0.38 8.76 10.18 10.53 
287 0.08 0.08 0.12 0.13 0.15 0.18 0.37 8.85 10.18 10.51 
294 0.07 0.07 0.12 0.11 0.14 0.17 0.37 8.93 10.17 10.47 
322 0.04 0.06 0.09 0.11 0.12 0.16 0.40 9.01 10.16 10.48 
350 0.07 0.05 0.09 0.09 0.13 0.15 0.42 9.06 10.14 10.49 
377 0.11 0.10 0.10 0.11 0.14 0.17 0.45 9.15 10.15 10.52 
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Table B.5.  Data from Figure 3.9 (75%RH) 
Time 
(hours) 
Percent 
Hydrated 
 Time 
(hours) 
Percent 
Hydrated 
 Time 
(hours) 
Percent 
Hydrated 
0.02 -0.0007  38.00 0.0037  93.00 0.0389 
1.02 0.0019  39.00 0.0041  95.00 0.0414 
2.00 -0.0015  40.00 0.0042  97.00 0.0441 
3.00 -0.0012  41.00 0.0048  99.00 0.0467 
4.00 -0.0012  42.00 0.0048  101.00 0.0495 
5.00 -0.0012  43.00 0.0046  103.00 0.0524 
6.00 -0.0011  44.00 0.0052  105.00 0.0558 
7.00 -0.0007  45.00 0.0055  107.00 0.0594 
8.00 -0.0002  46.00 0.0058  109.00 0.0628 
9.00 -0.0002  47.00 0.0061  111.00 0.0662 
10.00 0.0000  48.00 0.0065  113.00 0.0694 
11.00 0.0003  49.00 0.0069  115.00 0.0730 
12.00 0.0001  50.00 0.0069  117.00 0.0767 
13.00 0.0002  51.00 0.0074  119.00 0.0807 
14.00 0.0003  52.00 0.0078  121.00 0.0847 
15.00 0.0002  53.00 0.0083  123.00 0.0888 
16.00 0.0003  54.00 0.0087  125.00 0.0930 
17.00 0.0003  55.00 0.0092  127.00 0.0971 
18.00 0.0003  56.00 0.0099  129.00 0.1016 
19.00 0.0005  57.00 0.0106  131.00 0.1061 
20.00 0.0006  58.00 0.0113  133.00 0.1104 
21.00 0.0007  59.00 0.0119  135.00 0.1147 
22.00 0.0008  61.00 0.0131  137.00 0.1194 
23.00 0.0011  63.00 0.0143  139.00 0.1244 
24.00 0.0012  65.00 0.0150  141.00 0.1294 
25.00 0.0012  67.00 0.0161  143.00 0.1346 
26.00 0.0009  69.00 0.0175  145.00 0.1397 
27.00 0.0012  71.00 0.0188  147.00 0.1448 
28.00 0.0012  73.00 0.0202  149.00 0.1503 
29.00 0.0015  75.00 0.0214  151.00 0.1558 
30.00 0.0017  77.00 0.0231  153.00 0.1612 
31.00 0.0019  79.00 0.0246  155.00 0.1662 
32.00 0.0021  81.00 0.0263  157.00 0.1716 
33.00 0.0026  83.00 0.0281  159.00 0.1770 
34.00 0.0028  85.00 0.0301  161.00 0.1828 
35.00 0.0030  87.00 0.0321  163.00 0.1887 
36.00 0.0033  89.00 0.0342  165.00 0.1944 
37.00 0.0035  91.00 0.0365  167.00 0.2008 
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Table B.5. Continued. 
Time 
(hours) 
Percent 
Hydrated 
 Time 
(hours) 
Percent 
Hydrated 
 Time 
(hours) 
Percent 
Hydrated 
168.42 0.2049  233.42 0.3979  296.77 0.5407 
170.08 0.2096  235.08 0.4025  298.43 0.5438 
171.75 0.2143  236.75 0.4070  300.10 0.5469 
175.08 0.2241  238.42 0.4116  301.77 0.5500 
176.75 0.2291  240.08 0.4158  303.43 0.5531 
178.42 0.2342  241.75 0.4199  305.10 0.5559 
180.08 0.2390  243.42 0.4244  306.77 0.5586 
181.75 0.2443  245.08 0.4285  308.43 0.5616 
183.42 0.2495  246.75 0.4327  310.10 0.5644 
185.08 0.2544  248.42 0.4368  311.77 0.5722 
186.75 0.2595  250.08 0.4410  313.43 0.5754 
188.42 0.2651  251.75 0.4450  315.10 0.5782 
190.08 0.2701  253.42 0.4491  316.77 0.5809 
191.75 0.2751  255.08 0.4530  318.43 0.5839 
193.42 0.2803  256.75 0.4571  320.10 0.5863 
195.08 0.2858  258.42 0.4611  321.77 0.5892 
196.75 0.2908  260.08 0.4648  323.43 0.5921 
198.42 0.2958  261.75 0.4689  325.10 0.5946 
200.08 0.3009  263.43 0.4726  326.77 0.5975 
201.75 0.3062  265.10 0.4765  328.43 0.5998 
203.42 0.3112  266.77 0.4803  330.10 0.6025 
205.08 0.3163  268.43 0.4840  331.77 0.6052 
206.75 0.3213  270.10 0.4877  333.43 0.6081 
208.42 0.3260  271.77 0.4913  335.10 0.6107 
210.08 0.3311  273.43 0.4950  336.77 0.6134 
211.75 0.3361  275.10 0.4984  338.43 0.6159 
213.42 0.3410  276.77 0.5019  340.10 0.6183 
215.08 0.3458  278.43 0.5054  341.77 0.6209 
216.75 0.3509  280.10 0.5085  343.43 0.6230 
218.42 0.3558  281.77 0.5123  345.10 0.6256 
220.08 0.3603  283.43 0.5155  346.77 0.6278 
221.75 0.3654  285.10 0.5184  348.43 0.6303 
223.42 0.3700  286.77 0.5217  350.10 0.6326 
225.08 0.3748  288.43 0.5250  351.77 0.6348 
226.75 0.3797  290.10 0.5280  353.43 0.6374 
228.42 0.3840  291.77 0.5315  355.10 0.6400 
230.08 0.3886  293.43 0.5346  356.77 0.6425 
231.75 0.3934  295.10 0.5377  358.43 0.6447 
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Table B.5. Continued. 
Time 
(hours) 
Percent 
Hydrated 
 Time 
(hours) 
Percent 
Hydrated 
 Time 
(hours) 
Percent 
Hydrated 
360.10 0.6470  423.43 0.7207  486.77 0.7726 
361.77 0.6491  425.10 0.7221  488.43 0.7740 
363.43 0.6515  426.77 0.7241  490.10 0.7755 
365.10 0.6535  428.43 0.7257  491.77 0.7769 
366.77 0.6559  430.10 0.7273  493.43 0.7781 
368.43 0.6578  431.77 0.7289  495.10 0.7796 
370.10 0.6603  433.43 0.7302  496.77 0.7809 
371.77 0.6621  435.10 0.7317  498.43 0.7817 
373.43 0.6641  436.77 0.7331  499.90 0.7825 
375.10 0.6659  438.43 0.7347    
376.77 0.6684  440.10 0.7360    
378.43 0.6705  441.77 0.7376    
380.10 0.6727  443.43 0.7389    
381.77 0.6748  445.10 0.7405    
383.43 0.6767  446.77 0.7420    
385.10 0.6788  448.43 0.7432    
386.77 0.6806  450.10 0.7442    
388.43 0.6823  451.77 0.7457    
390.10 0.6845  453.43 0.7467    
391.77 0.6864  455.10 0.7480    
393.43 0.6887  456.77 0.7493    
395.10 0.6906  458.43 0.7503    
396.77 0.6926  460.10 0.7520    
398.43 0.6946  461.77 0.7533    
400.10 0.6966  463.43 0.7547    
401.77 0.6983  465.10 0.7563    
403.43 0.7001  466.77 0.7577    
405.10 0.7020  468.43 0.7589    
406.77 0.7037  470.10 0.7605    
408.43 0.7056  471.77 0.7620    
410.10 0.7074  473.43 0.7634    
411.77 0.7090  475.10 0.7645    
413.43 0.7107  476.77 0.7657    
415.10 0.7123  478.43 0.7670    
416.77 0.7141  480.10 0.7683    
418.43 0.7158  481.77 0.7692    
420.10 0.7174  483.43 0.7703    
421.77 0.7189  485.10 0.7715    
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Table B.6.  Data from Figure 3.9 (80%RH). 
Time 
(hours) 
Percent 
Hydrated 
 Time 
(hours) 
Percent 
Hydrated 
 Time 
(hours) 
Percent 
Hydrated 
0.016667 0.000955  62.98367 0.781066  126.3168 0.962335 
1.316667 0.081905  64.65 0.791228  127.9837 0.963767 
2.9835 0.071198  66.31683 0.800707  129.65 0.965131 
4.650167 0.06356  67.9835 0.809846  131.3168 0.966427 
6.316667 0.0579  69.65 0.818711  132.9835 0.967791 
7.9835 0.054763  71.31683 0.826963  134.65 0.969632 
9.65 0.054149  72.9835 0.83501  136.3168 0.970996 
11.31683 0.05449  74.65 0.842717  137.9835 0.972565 
12.9835 0.056672  76.31683 0.849946  139.65 0.973861 
14.65 0.062128  77.9835 0.85697  141.3168 0.975088 
16.31683 0.083474  79.65 0.863722  142.9835 0.97652 
17.9835 0.132644  81.31683 0.869996  144.65 0.977543 
19.65033 0.191021  82.9835 0.875997  146.3168 0.978498 
21.31667 0.244284  84.65033 0.881726  147.9835 0.979521 
22.9835 0.29134  86.31667 0.88725  149.6503 0.980408 
24.65017 0.332872  87.9835 0.892296  151.3167 0.98068 
26.31667 0.369699  89.65017 0.897275  152.9835 0.981294 
27.9835 0.403252  91.31667 0.901912  154.6502 0.981908 
29.65017 0.4336  92.9835 0.90655  156.3167 0.982453 
31.31667 0.461493  94.65017 0.910914  157.9835 0.983476 
32.9835 0.487544  96.31667 0.915006  
34.65017 0.511891  97.9835 0.918825  
36.31667 0.534805  99.65017 0.922576  
37.9835 0.557037  101.3167 0.92585  
39.65017 0.577769  102.9835 0.928714  
41.317 0.597683  104.6502 0.931783  
42.98333 0.616506  106.317 0.93492  
44.65017 0.634032  107.9833 0.937443  
46.31683 0.650809  109.6502 0.940512  
47.98333 0.666699  111.3168 0.94324  
49.65017 0.681839  112.9833 0.946172  
51.31683 0.69616  114.6502 0.948627  
52.98333 0.710414  116.3168 0.951083  
54.65017 0.723507  117.9833 0.953401  
56.31683 0.736329  119.6502 0.955515  
57.98333 0.748263  121.3168 0.957289  
59.65017 0.759789  122.9833 0.959266  
61.31683 0.770768  124.6502 0.961244  
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Table B.7.  Data from Figure 3.9 (85%RH). 
Time 
(hours) 
Percent 
Hydrated 
 Time 
(hours) 
Percent 
Hydrated 
 Time 
(hours) 
Percent 
Hydrated 
0.4 0.127235  16.23333 0.869061  32.06667 1.006881 
0.816833 0.148614  16.65 0.878608  32.48333 1.007297 
1.2335 0.158508  17.06683 0.887464  32.9 1.007435 
1.649833 0.169509  17.4835 0.895628  33.31683 1.007781 
2.0665 0.183969  17.89983 0.903723  33.7335 1.008058 
2.483167 0.20085  18.3165 0.911472  34.14983 1.008265 
2.899833 0.220569  18.73317 0.918668  34.5665 1.008334 
3.316667 0.243885  19.14983 0.925379  34.98317 1.00868 
3.733333 0.270314  19.56667 0.931606  35.39983 1.008749 
4.15 0.298958  19.98333 0.937487  35.81667 1.009095 
4.566667 0.330369  20.4 0.943298  36.23333 1.009165 
4.983333 0.362195  20.81667 0.948626  36.65 1.009165 
5.4 0.395474  21.23333 0.953607  37.06667 1.00958 
5.816667 0.428407  21.65 0.958381  37.48333 1.00958 
6.2335 0.459541  22.06667 0.962463  37.9 1.009856 
6.650167 0.489707  22.4835 0.966338  38.31667 1.009787 
7.0665 0.517105  22.90017 0.970143  38.7335 1.009995 
7.483167 0.542635  23.3165 0.973464  39.15017 1.009926 
7.899833 0.566782  23.73317 0.976854  39.5665 1.009995 
8.3165 0.589544  24.14983 0.979829  39.98317 1.010064 
8.733333 0.610715  24.5665 0.982804  40.39983 1.010272 
9.15 0.630434  24.98333 0.985087  
9.566667 0.649806  25.4 0.987371  
9.983333 0.668072  25.81667 0.989723  
10.4 0.685368  26.23333 0.991453  
10.81667 0.701973  26.65 0.993597  
11.23333 0.718094  27.06667 0.995327  
11.65017 0.733661  27.48333 0.996918  
12.06683 0.748606  27.90017 0.998233  
12.48317 0.763066  28.31683 0.999755  
12.89983 0.776903  28.73317 1.000793  
13.3165 0.790256  29.14983 1.001831  
13.73317 0.803056  29.5665 1.002869  
14.15 0.815302  29.98317 1.003699  
14.56667 0.826926  30.4 1.004529  
14.98333 0.838272  30.81667 1.005359  
15.4 0.849273  31.23333 1.006051  
15.81667 0.859444  31.65 1.006605  
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Table B.8.  Data from Figure 4.1 (GM at 15°C). 
Water activity (aw) Moisture content (%db)  Water activity (aw) Moisture content (%db) 
0.654 9.289617  0.935 16.59485 
0.705 9.372163  0.935 16.63613 
0.727 9.413435  0.936 16.6774 
0.743 9.372163  0.937 16.55358 
0.753 9.413435  0.937 17.4203 
0.763 9.578525  0.937 17.50285 
0.774 9.619798  0.937 17.75048 
0.784 9.66107  0.938 16.88376 
0.793 9.784888  0.938 17.1314 
0.8 9.867433  0.938 17.33776 
0.806 10.15634  0.938 17.4203 
0.813 10.48652  0.938 17.79176 
0.825 11.18815  0.938 18.28703 
0.852 12.09615  0.938 18.03939 
0.867 12.55015  0.938 18.08066 
0.88 12.9216  0.939 17.25521 
0.89 13.21051  0.939 17.62667 
0.897 13.33432  0.939 17.75048 
0.906 13.62323  0.939 18.03939 
0.913 13.99468  0.939 19.31884 
0.923 13.99468  0.94 17.25521 
0.925 14.24232  0.94 18.24575 
0.928 14.53123  0.94 18.49339 
0.928 14.44868  0.941 18.28703 
0.929 14.65504  0.941 18.7823 
0.932 14.69632  0.941 18.74102 
0.932 14.86141  
0.932 15.10904  
0.934 14.94395  
0.934 14.73759  
0.934 15.64558  
0.934 16.01704  
0.934 15.93449  
0.934 16.18213  
0.934 16.71867  
0.935 15.19159  
0.935 16.05831  
0.935 16.2234  
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Table B.9.  Data from Figure 4.1 (GM at 25°C) 
Water activity (aw) Moisture content (%db) 
0.658 9.289617 
0.714 9.320534 
0.738 9.35145 
0.752 9.4442 
0.76 9.475116 
0.77 9.691531 
0.777 9.753364 
0.785 10.03161 
0.791 10.34078 
0.791 10.34078 
0.798 10.92819 
0.825 11.63927 
0.841 11.97935 
0.856 12.35035 
0.867 12.69043 
0.876 12.99959 
0.885 13.30875 
0.893 13.67975 
0.906 14.42175 
0.913 14.94733 
0.916 51.64514 
0.916 58.69409 
0.916 65.95945 
0.916 73.25573 
0.917 44.75077 
0.917 80.55201 
0.918 15.81299 
0.918 37.94916 
0.919 87.60096 
0.92 94.98999 
0.921 31.20937 
0.922 101.8225 
0.923 108.5932 
0.924 17.01873 
0.924 24.99517 
0.927 19.21379 
0.928 114.3128 
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Table B.10.  Data from Figure 4.1 (GM at 35°C) 
Water activity (aw) Moisture content (%db) 
0.265 9.289617 
0.484 9.37726 
0.582 9.421081 
0.631 9.508723 
0.66 9.640186 
0.679 9.727828 
0.693 9.859291 
0.703 9.859291 
0.714 10.0784 
0.725 10.20986 
0.731 10.42896 
0.742 10.911 
0.759 11.34921 
0.775 11.69977 
0.789 11.9627 
0.801 12.05034 
0.813 12.13798 
0.823 12.31327 
0.831 12.57619 
0.841 12.97058 
0.847 13.36497 
0.852 14.10993 
0.856 15.42456 
0.862 19.54374 
0.862 47.32626 
0.864 28.35176 
0.864 37.64182 
0.865 57.18599 
0.868 66.12548 
0.871 74.1009 
0.875 81.63812 
0.881 88.38655 
0.884 94.03947 
0.889 97.85189 
.  
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Table B.11.  Data from Figure 4.2. 
Time 
(days) 
% RH storage 
0 11 22 33 38 43 53 58 68 75 84 
0 9.27 9.27 9.27 9.27 9.27 9.27 9.27 9.27 9.27 9.27 9.27 
7 9.16 9.26 9.31 9.33 9.35 9.39 9.44 9.48 9.86 9.94 10.10 
14 1.42 9.22 9.31 9.33 9.35 9.40 9.47 9.53 9.90 9.95 10.12 
21 0.19 9.12 9.30 9.33 9.35 9.39 9.47 9.64 9.90 9.97 10.08 
28 0.09 8.98 9.32 9.34 9.35 9.38 9.47 9.67 9.89 9.94 10.12 
35 0.04 8.86 9.32 9.31 9.36 9.40 9.51 9.70 9.91 9.95 10.13 
42 0.02 8.77 9.31 9.34 9.36 9.40 9.53 9.77 9.93 9.98 10.18 
49 0.05 8.70 9.31 9.34 9.35 9.39 9.51 9.75 9.91 9.93 10.08 
56 -0.04 8.66 9.32 9.34 9.37 9.40 9.54 9.79 9.95 9.99 10.13 
63 0.02 8.56 9.31 9.33 9.35 9.38 9.54 9.78 9.90 9.94 10.15 
70 -0.03 8.53 9.34 9.36 9.38 9.43 9.61 9.85 9.97 10.00 10.20 
77 -0.01 8.52 9.36 9.38 9.41 9.45 9.62 9.87 10.00 10.04 10.27 
84 0.00 8.40 9.30 9.31 9.36 9.40 9.58 9.82 9.92 9.97 10.19 
92 -0.03 8.44 9.36 9.37 9.41 9.44 9.65 9.90 10.00 10.05 10.29 
98 -0.03 8.35 9.32 9.33 9.38 9.41 9.62 9.85 9.95 9.99 10.18 
105 -0.03 8.37 9.36 9.38 9.41 9.46 9.68 9.93 10.02 10.07 10.34 
112 0.00 8.27 9.33 9.34 9.41 9.43 9.67 9.90 10.01 10.07 10.32 
119 -0.04 8.32 9.33 9.37 9.40 9.43 9.66 9.89 9.99 10.03 10.30 
126 -0.03 8.24 9.34 9.37 9.41 9.45 9.66 9.91 10.00 10.02 10.27 
133 -0.04 8.25 9.34 9.38 9.45 9.46 9.70 9.94 10.04 10.09 10.34 
140 -0.06 8.21 9.33 9.36 9.41 9.35 9.68 9.94 10.00 10.03 10.27 
147 -0.08 8.17 9.35 9.36 9.41 9.35 9.71 9.95 9.99 10.04 10.29 
154 -0.05 8.15 9.34 9.36 9.40 9.35 9.70 9.94 10.00 10.04 10.32 
161 -0.06 8.13 9.34 9.35 9.41 9.36 9.71 9.94 10.02 10.06 10.32 
168 -0.05 8.09 9.34 9.35 9.40 9.36 9.70 9.92 10.01 10.05 10.31 
175 -0.04 8.06 9.35 9.37 9.41 9.35 9.72 9.91 10.02 10.04 10.34 
184 -0.11 8.03 9.33 9.35 9.39 9.35 9.71 9.91 10.00 10.03 10.30 
189 -0.10 8.12 9.34 9.36 9.40 9.35 9.71 9.91 9.99 10.03 10.28 
198 -0.10 8.13 9.35 9.36 9.41 9.35 9.72 9.92 10.00 10.03 10.29 
205 -0.11 8.05 9.36 9.38 9.42 9.36 9.74 9.93 10.02 10.05 10.29 
212 -0.08 7.87 9.32 9.35 9.40 9.35 9.73 9.92 9.99 10.02 10.28 
219 -0.01 7.88 9.33 9.36 9.40 9.34 9.73 9.90 10.00 10.02 10.28 
226 -0.12 7.91 9.31 9.33 9.40 9.34 9.73 9.90 9.98 10.01 10.28 
233 -0.12 7.83 9.32 9.35 9.40 9.35 9.73 9.92 10.00 10.05 10.30 
240 -0.06 7.79 9.30 9.33 9.38 9.35 9.72 9.91 9.97 10.01 10.22 
247 -0.09 7.82 9.36 9.34 9.40 9.35 9.76 9.90 10.01 10.04 10.32 
254 -0.11 7.76 9.30 9.35 9.40 9.36 9.75 9.87 9.98 10.01 10.27 
261 -0.16 7.70 9.32 9.34 9.37 9.35 9.74 9.87 9.98 10.02 10.28 
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Figure B.11.  Continued.   
Time 
(days) 
% RH storage 
0 11 22 33 38 43 53 58 68 75 84 
268 -0.16 7.62 9.31 9.36 9.36 9.35 9.73 9.85 9.95 9.98 10.25 
275 -0.15 7.59 9.30 9.33 9.35 9.34 9.75 9.87 9.98 10.02 10.30 
282 
 
7.60 9.31 9.33 9.36 9.36 9.76 9.88 10.00 10.02 10.29 
310 
 
7.52 9.30 9.34 9.34 9.34 9.73 9.85 9.94 9.97 10.20 
338 
 
7.52 9.30 9.31 9.35 9.34 9.76 9.84 9.93 9.96 10.20 
366 
 
7.52 9.28 9.27 9.31 9.34 9.76 9.84 9.91 9.96 10.19 
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Table B.12.  Data from Figure 4.9 (35°C). 
Time 
(hours) 
Percent 
hydrate loss 
 Time 
(hours) 
Percent 
hydrate loss 
 Time 
(hours) 
Percent 
hydrate loss 
0.08 4.89E-04  3.58 0.00342  7.08 0.00587 
0.17 4.89E-04  3.67 0.00334  7.17 0.00579 
0.25 8.15E-04  3.75 0.00342  7.25 0.00628 
0.33 8.15E-04  3.83 0.00350  7.33 0.00636 
0.42 9.78E-04  3.92 0.00334  7.42 0.00677 
0.50 9.78E-04  4.00 0.00359  7.50 0.00660 
0.58 0.00106  4.08 0.00326  7.58 0.00660 
0.67 0.00114  4.17 0.00367  7.67 0.00652 
0.75 0.00114  4.25 0.00342  7.75 0.00685 
0.83 0.00114  4.33 0.00359  7.83 0.00717 
0.92 0.00122  4.42 0.00359  7.92 0.00717 
1.00 0.00147  4.50 0.00391  8.00 0.00725 
1.08 0.00155  4.58 0.00367  8.08 0.00758 
1.17 0.00147  4.67 0.00399  8.17 0.00791 
1.25 0.00147  4.75 0.00383  8.25 0.00815 
1.33 0.00147  4.83 0.00391  8.33 0.00831 
1.42 0.00228  4.92 0.00408  8.42 0.00848 
1.50 0.00220  5.00 0.00391  8.50 0.00864 
1.58 0.00228  5.08 0.00416  8.58 0.00897 
1.67 0.00212  5.17 0.00408  8.67 0.00897 
1.75 0.00220  5.25 0.00408  8.75 0.00913 
1.83 0.00245  5.33 0.00408  8.83 0.00929 
1.92 0.00253  5.42 0.00416  8.92 0.00954 
2.00 0.00220  5.50 0.00448  9.00 0.00994 
2.08 0.00236  5.58 0.00465  9.08 0.01027 
2.17 0.00228  5.67 0.00448  9.17 0.01035 
2.25 0.00228  5.75 0.00465  9.25 0.01051 
2.33 0.00245  5.83 0.00465  9.33 0.01084 
2.42 0.00245  5.92 0.00465  9.42 0.01100 
2.50 0.00245  6.00 0.00473  9.50 0.01141 
2.58 0.00253  6.08 0.00473  9.58 0.01157 
2.67 0.00285  6.17 0.00473  9.67 0.01215 
2.75 0.00277  6.25 0.00489  9.75 0.01198 
2.83 0.00277  6.33 0.00505  9.83 0.01239 
2.92 0.00269  6.42 0.00530  9.92 0.01272 
3.00 0.00269  6.50 0.00530  10.00 0.01288 
3.08 0.00277  6.58 0.00538  10.08 0.01329 
3.17 0.00310  6.67 0.00546  10.17 0.01361 
3.25 0.00310  6.75 0.00538  10.25 0.01402 
3.33 0.00318  6.83 0.00530  10.33 0.01418 
3.42 0.00342  6.92 0.00562  10.42 0.01451 
3.50 0.00302  7.00 0.00562  10.50 0.01451 
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Table B.12.  Continued. 
Time 
(hours) 
Percent 
hydrate loss 
 Time 
(hours) 
Percent 
hydrate loss 
 Time 
(hours) 
Percent 
hydrate loss 
10.58 0.01500  14.08 0.03855  17.58 0.10580 
10.67 0.01549  14.17 0.03945  17.67 0.10841 
10.75 0.01573  14.25 0.04051  17.75 0.11110 
10.83 0.01581  14.33 0.04124  17.83 0.11371 
10.92 0.01614  14.42 0.04230  17.92 0.11664 
11.00 0.01663  14.50 0.04328  18.00 0.11974 
11.08 0.01720  14.58 0.04426  18.08 0.12275 
11.17 0.01752  14.67 0.04524  18.17 0.12585 
11.25 0.01777  14.75 0.04638  18.25 0.12911 
11.33 0.01826  14.83 0.04736  18.33 0.13205 
11.42 0.01867  14.92 0.04866  18.42 0.13547 
11.50 0.01915  15.00 0.04956  18.50 0.13906 
11.58 0.01964  15.08 0.05086  18.58 0.14232 
11.67 0.01989  15.17 0.05192  18.67 0.14582 
11.75 0.02062  15.25 0.05339  18.75 0.14941 
11.83 0.02103  15.33 0.05461  18.83 0.15324 
11.92 0.02152  15.42 0.05559  18.92 0.15683 
12.00 0.02193  15.50 0.05714  19.00 0.16066 
12.08 0.02250  15.58 0.05877  19.08 0.16441 
12.17 0.02299  15.67 0.05999  19.17 0.16864 
12.25 0.02356  15.75 0.06178  19.25 0.17256 
12.33 0.02413  15.83 0.06293  19.33 0.17671 
12.42 0.02453  15.92 0.06456  19.42 0.18120 
12.50 0.02543  16.00 0.06610  19.50 0.18544 
12.58 0.02600  16.08 0.06774  19.58 0.18984 
12.67 0.02649  16.17 0.06937  19.67 0.19432 
12.75 0.02706  16.25 0.07116  19.75 0.19864 
12.83 0.02763  16.33 0.07295  19.83 0.20361 
12.92 0.02812  16.42 0.07458  19.92 0.20834 
13.00 0.02902  16.50 0.07670  20.00 0.21307 
13.08 0.02959  16.58 0.07858  20.08 0.21804 
13.17 0.03032  16.67 0.08053  20.17 0.22285 
13.25 0.03097  16.75 0.08257  20.25 0.22790 
13.33 0.03187  16.83 0.08436  20.33 0.23304 
13.42 0.03236  16.92 0.08656  20.42 0.23825 
13.50 0.03317  17.00 0.08868  20.50 0.24347 
13.58 0.03391  17.08 0.09097  20.58 0.24877 
13.67 0.03456  17.17 0.09325  20.67 0.25390 
13.75 0.03529  17.25 0.09561  20.75 0.25953 
13.83 0.03611  17.33 0.09798  20.83 0.26523 
13.92 0.03676  17.42 0.10034  20.92 0.27061 
14.00 0.03766  17.50 0.10311  21.00 0.27624 
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Table B.12.  Continued. 
Time 
(hours) 
Percent 
hydrate loss 
 Time 
(hours) 
Percent 
hydrate loss 
 Time 
(hours) 
Percent 
hydrate loss 
21.08 0.28178  24.58 0.53984  28.08 0.74647 
21.17 0.28757  24.67 0.54563  28.17 0.75014 
21.25 0.29327  24.75 0.55166  28.25 0.75389 
21.33 0.29914  24.83 0.55753  28.33 0.75723 
21.42 0.30485  24.92 0.56324  28.42 0.76082 
21.50 0.31080  25.00 0.56911  28.50 0.76416 
21.58 0.31667  25.08 0.57489  28.58 0.76783 
21.67 0.32270  25.17 0.58035  28.67 0.77109 
21.75 0.32857  25.25 0.58582  28.75 0.77451 
21.83 0.33452  25.33 0.59160  28.83 0.77761 
21.92 0.34071  25.42 0.59739  28.92 0.78062 
22.00 0.34691  25.50 0.60269  29.00 0.78380 
22.08 0.35278  25.58 0.60815  29.08 0.78690 
22.17 0.35881  25.67 0.61385  29.17 0.79000 
22.25 0.36492  25.75 0.61866  29.25 0.79310 
22.33 0.37112  25.83 0.62372  29.33 0.79611 
22.42 0.37715  25.92 0.62910  29.42 0.79864 
22.50 0.38375  26.00 0.63423  29.50 0.80141 
22.58 0.38978  26.08 0.63920  29.58 0.80451 
22.67 0.39630  26.17 0.64426  29.67 0.80695 
22.75 0.40258  26.25 0.64923  29.75 0.80972 
22.83 0.40877  26.33 0.65428  29.83 0.81241 
22.92 0.41505  26.42 0.65926  29.92 0.81494 
23.00 0.42149  26.50 0.66439  30.00 0.81755 
23.08 0.42777  26.58 0.66920  30.08 0.82008 
23.17 0.43412  26.67 0.67376  30.17 0.82236 
23.25 0.44040  26.75 0.67882  30.25 0.82529 
23.33 0.44676  26.83 0.68346  30.33 0.82766 
23.42 0.45312  26.92 0.68819  30.42 0.82994 
23.50 0.45972  27.00 0.69276  30.50 0.83214 
23.58 0.46559  27.08 0.69748  30.58 0.83426 
23.67 0.47195  27.17 0.70205  30.67 0.83630 
23.75 0.47814  27.25 0.70629  30.75 0.83866 
23.83 0.48442  27.33 0.71036  30.83 0.84086 
23.92 0.49094  27.42 0.71452  30.92 0.84314 
24.00 0.49713  27.50 0.71876  31.00 0.84486 
24.08 0.50325  27.58 0.72267  31.08 0.84706 
24.17 0.50936  27.67 0.72691  31.17 0.84885 
24.25 0.51555  27.75 0.73107  31.25 0.85081 
24.33 0.52158  27.83 0.73490  31.33 0.85292 
24.42 0.52794  27.92 0.73914  31.42 0.85480 
24.50 0.53406  28.00 0.74264  31.50 0.85684 
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Table B.12.  Continued. 
Time 
(hours) 
Percent 
hydrate loss 
 Time 
(hours) 
Percent 
hydrate loss 
 Time 
(hours) 
Percent 
hydrate loss 
31.58 0.85855  35.08 0.91422  38.58 0.94552 
31.67 0.86034  35.17 0.91512  38.67 0.94585 
31.75 0.86214  35.25 0.91601  38.75 0.94650 
31.83 0.86385  35.33 0.91699  38.83 0.94723 
31.92 0.86564  35.42 0.91773  38.92 0.94797 
32.00 0.86751  35.50 0.91878  39.00 0.94837 
32.08 0.86906  35.58 0.91960  39.08 0.94886 
32.17 0.87045  35.67 0.92066  39.17 0.94919 
32.25 0.87200  35.75 0.92156  39.25 0.94992 
32.33 0.87371  35.83 0.92213  39.33 0.95057 
32.42 0.87550  35.92 0.92319  39.42 0.95090 
32.50 0.87656  36.00 0.92384  39.50 0.95147 
32.58 0.87811  36.08 0.92465  39.58 0.95237 
32.67 0.87974  36.17 0.92555  39.67 0.95277 
32.75 0.88121  36.25 0.92661  39.75 0.95302 
32.83 0.88259  36.33 0.92710  39.83 0.95375 
32.92 0.88398  36.42 0.92800  39.92 0.95424 
33.00 0.88561  36.50 0.92857  40.00 0.95473 
33.08 0.88691  36.58 0.92963  40.08 0.95530 
33.17 0.88814  36.67 0.93011  40.17 0.95579 
33.25 0.88952  36.75 0.93085  40.25 0.95620 
33.33 0.89066  36.83 0.93158  40.33 0.95661 
33.42 0.89213  36.92 0.93240  40.42 0.95701 
33.50 0.89311  37.00 0.93329  40.50 0.95775 
33.58 0.89449  37.08 0.93378  40.58 0.95840 
33.67 0.89604  37.17 0.93468  40.67 0.95881 
33.75 0.89710  37.25 0.93525  40.75 0.95921 
33.83 0.89833  37.33 0.93598  40.83 0.95970 
33.92 0.89939  37.42 0.93655  40.92 0.96036 
34.00 0.90045  37.50 0.93721  41.00 0.96068 
34.08 0.90175  37.58 0.93786  41.08 0.96109 
34.17 0.90281  37.67 0.93859  41.17 0.96141 
34.25 0.90371  37.75 0.93933  41.25 0.96182 
34.33 0.90493  37.83 0.93981  41.33 0.96256 
34.42 0.90591  37.92 0.94030  41.42 0.96272 
34.50 0.90713  38.00 0.94112  41.50 0.96345 
34.58 0.90835  38.08 0.94169  41.58 0.96362 
34.67 0.90925  38.17 0.94242  41.67 0.96419 
34.75 0.91039  38.25 0.94291  41.75 0.96451 
34.83 0.91096  38.33 0.94381  41.83 0.96508 
34.92 0.91210  38.42 0.94430  41.92 0.96525 
35.00 0.91308  38.50 0.94495  42.00 0.96590 
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Table B.12.  Continued. 
Time 
(hours) 
Percent 
hydrate loss 
 Time 
(hours) 
Percent 
hydrate loss 
 
  
42.08 0.96598  45.58 0.98171    
42.17 0.96655  45.67 0.98204    
42.25 0.96696  45.75 0.98236    
42.33 0.96745  45.83 0.98277    
42.42 0.96785  45.92 0.98326    
42.50 0.96826  46.00 0.98359    
42.58 0.96859  46.08 0.98375    
42.67 0.96932  46.17 0.98383    
42.75 0.96973  46.25 0.98432    
42.83 0.96989  46.33 0.98473    
42.92 0.97046  46.42 0.98489    
43.00 0.97071  46.50 0.98489    
43.08 0.97136  46.58 0.98538    
43.17 0.97144  46.67 0.98562    
43.25 0.97177  46.75 0.98595    
43.33 0.97209  46.83 0.98644    
43.42 0.97250  46.92 0.98660    
43.50 0.97299  47.00 0.98685    
43.58 0.97356  47.08 0.98717    
43.67 0.97364  47.17 0.98725    
43.75 0.97405  47.25 0.98782    
43.83 0.97462  47.33 0.98823    
43.92 0.97486  47.42 0.98856    
44.00 0.97519  47.50 0.98872    
44.08 0.97535  47.58 0.98913    
44.17 0.97584  47.67 0.98954    
44.25 0.97633  47.75 0.98970    
44.33 0.97674  47.83 0.98978    
44.42 0.97690  47.92 0.99027    
44.50 0.97739  48.00 0.99051    
44.58 0.97764  48.08 0.99076    
44.67 0.97812  48.17 0.99108    
44.75 0.97853  48.25 0.99133    
44.83 0.97870  48.33 0.99149    
44.92 0.97894  48.42 0.99206    
45.00 0.97943  48.50 0.99223    
45.08 0.97984  48.58 0.99247    
45.17 0.98000  48.67 0.99271    
45.25 0.98049  48.75 0.99320    
45.33 0.98090  48.83 0.99304    
45.42 0.98122  48.92 0.99353    
45.50 0.98155       
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Table B.13.  Data from Figure 4.9 (40°C). 
Time 
(hours) 
Percent 
Hydrated 
 Time 
(hours) 
Percent 
Hydrated 
 Time 
(hours) 
Percent 
Hydrated 
0.08333 0.00181  3.25017 0.06381  6.417 0.89484 
0.16683 0.00386  3.33333 0.07333  6.50017 0.90401 
0.25017 0.00543  3.41683 0.08527  6.58333 0.91233 
0.33333 0.00639  3.50017 0.09842  6.66683 0.92017 
0.41683 0.00688  3.58333 0.11326  6.75017 0.92704 
0.5 0.00724  3.66683 0.13026  6.83333 0.93356 
0.58367 0.00808  3.75 0.14944  6.91683 0.93983 
0.66683 0.00808  3.83367 0.17007  7.00017 0.94514 
0.75 0.00856  3.91683 0.1925  7.08367 0.9502 
0.8335 0.0088  4 0.2165  7.16683 0.95454 
0.91683 0.00929  4.0835 0.24256  7.25 0.95889 
1.00033 0.00977  4.16683 0.26982  7.3335 0.96299 
1.0835 0.01013  4.25033 0.29864  7.41683 0.96636 
1.16667 0.01061  4.3335 0.32843  7.5 0.96986 
1.25017 0.01098  4.41667 0.35883  7.5835 0.97264 
1.3335 0.01146  4.50017 0.39007  7.66667 0.97541 
1.41667 0.01206  4.5835 0.42227  7.75033 0.97831 
1.50017 0.01242  4.66667 0.45267  7.8335 0.98084 
1.58333 0.01266  4.75017 0.48294  7.91667 0.98337 
1.667 0.01351  4.83333 0.51358  8.00017 0.98506 
1.75017 0.01375  4.917 0.54458  8.0835 0.98723 
1.83333 0.01399  5.00017 0.57401  8.167 0.98904 
1.91683 0.01484  5.08333 0.60271  8.25017 0.99061 
2.00017 0.01532  5.16683 0.63009  8.33333 0.9923 
2.08367 0.0158  5.25017 0.65663  8.41683 0.99399 
2.16683 0.01701  5.33367 0.68159  8.50017 0.99519 
2.25 0.01773  5.41683 0.7056  8.58333 0.99664 
2.3335 0.0187  5.5 0.72803  8.66683 0.99748 
2.41683 0.02026  5.5835 0.74926  8.75 0.99869 
2.5 0.02183  5.66683 0.7694  8.83367 0.99965 
2.5835 0.024  5.75 0.78786    
2.66667 0.02605  5.8335 0.80546    
2.75033 0.02931  5.91667 0.82102    
2.8335 0.03293  6.00033 0.83622    
2.91667 0.03679  6.0835 0.84973    
3.00017 0.04209  6.16667 0.8624    
3.0835 0.048  6.25017 0.87422    
3.167 0.05488  6.3335 0.88483    
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Table B.14.  Data from Figure 4.9 (45°C). 
Time (hours) Percent hydrate loss 
0.0835 0.00243 
0.167 0.00469 
0.25017 0.00695 
0.33333 0.00929 
0.41683 0.01231 
0.50017 0.01591 
0.58333 0.02068 
0.66683 0.02696 
0.75 0.035 
0.83367 0.04614 
0.91683 0.06054 
1 0.07971 
1.0835 0.10558 
1.16683 0.13908 
1.25033 0.18119 
1.3335 0.23218 
1.41667 0.29105 
1.50017 0.35686 
1.5835 0.42677 
1.66667 0.49761 
1.75017 0.56752 
1.83333 0.63359 
1.917 0.69446 
2.00017 0.74846 
2.08333 0.79518 
2.16683 0.83546 
2.25017 0.86945 
2.33367 0.89742 
2.41683 0.92019 
2.5 0.93912 
2.5835 0.95402 
2.66683 0.9665 
2.75 0.97621 
2.8335 0.98433 
2.91667 0.99136 
3.00033 0.99647 
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Table B.15.  Data from Figure 5.3 (Lattice constants for α-AG). 
2° d(Å) h k l 
10.3987 8.5000 1 1 0 
11.9174 7.4200 0 2 0 
14.6537 6.0400 1 2 0 
17.1002 5.1810 2 0 0 
18.1112 4.8940 2 1 0 
18.7687 4.7240 0 1 1 
19.7695 4.4870 1 0 1 
20.6485 4.2980 1 1 1 
20.8793 4.2510 2 2 0 
23.1373 3.8410 1 2 1 
23.9727 3.7090 0 4 0 
24.7797 3.5900 2 0 1 
25.4793 3.4930 2 1 1 
26.4577 3.3660 3 1 0 
26.7818 3.3260 1 3 1 
27.5585 3.2340 2 2 1 
28.4746 3.1320 3 2 0 
29.5743 3.0180 2 4 0 
29.9911 2.9770 0 4 1 
30.7308 2.9070 2 3 1 
31.2935 2.8560 1 5 0 
31.5542 2.8330 3 3 0 
32.0653 2.7890 3 1 1 
33.7832 2.6510 3 2 1 
34.6037 2.5900 4 0 0 
34.7282 2.5810 2 4 1 
35.1498 2.5510 0 5 1 
35.4512 2.5300 3 4 0 
36.0550 2.4890 0 0 2 
36.2357 2.4770 1 5 1 
36.5719 2.4550 0 1 2 
36.6647 2.4490 4 2 0 
37.0724 2.4230 1 0 2 
37.3118 2.4080 1 6 0 
37.6033 2.3900 1 1 2 
38.0661 2.3620 0 2 2 
39.2222 2.2950 4 3 0 
39.6176 2.2730 4 1 1 
39.9473 2.2550 3 4 1 
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Table B.15. Continued. 
2° d(Å) h k l 
40.3579 2.2330 2 6 0 
40.6619 2.2170 0 6 1 
41.0682 2.1960 4 2 1 
41.6231 2.1680 1 6 1 
41.9879 2.1500 2 2 2 
42.5057 2.1250 4 4 0 
43.3620 2.0850 4 3 1 
43.4716 2.0800 1 7 0 
44.0730 2.0530 3 5 1 
45.2571 2.0020 3 1 2 
46.2078 1.9630 2 7 0 
46.4582 1.9530 4 5 0 
47.3572 1.9180 1 7 1 
47.4623 1.9140 5 0 1 
47.8605 1.8990 5 1 1 
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Table B.16.  Data from Figure 5.3 (Lattice constants for GM). 
2° d(Å) h k l 
9.1948 9.6100 1 0 0 
12.7449 6.9400 -1 0 1 
14.4850 6.1100 1 0 1 
18.3916 4.8200 2 0 0 
19.7564 4.4900 -2 0 1 
20.2111 4.3900 0 0 2 
21.6574 4.1000 -1 1 1 
22.7707 3.9020 1 1 1 
23.3779 3.8020 1 0 2 
25.4570 3.4960 2 1 0 
26.5300 3.3570 -2 1 1 
26.8806 3.3140 0 1 2 
27.5759 3.2320 -1 1 2 
28.2902 3.1520 2 1 1 
29.3061 3.0450 1 1 2 
30.7742 2.9030 -1 0 3 
31.1704 2.8670 -2 1 2 
32.2673 2.7720 -3 0 2 
33.3684 2.6830 -3 1 1 
33.7701 2.6520 -2 0 3 
35.3645 2.5360 0 1 3 
35.5674 2.5220 -1 1 3 
36.5719 2.4550 1 2 0 
36.7735 2.4420 0 2 1 
36.9145 2.4430 -3 1 2 
37.6687 2.3860 1 1 3 
39.9657 2.2540 4 0 1 
40.1702 2.2430 -4 0 2 
41.3636 2.1810 4 1 0 
42.1522 2.1420 2 1 3 
44.1182 2.0510 -4 1 2 
44.9726 2.0140 0 1 4 
45.1619 2.0060 4 0 2 
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Table B.17.  Data from Figure 5.4. 
%RH 
Time (weeks) 
0 1 2 3 4 5 6 7 8 9 10 12 14 16 18 20 
Moisture content (% db) 
0 0.037 0.009 0.012 0.010 0.002 0.012 0.018 0.005 0.002 0.003 0.004 -0.009 -0.009 -0.029 -0.025 -0.050 
11 0.037 0.024 0.029 0.029 0.021 0.028 0.032 0.018 0.019 0.014 0.015 0.012 0.010 -0.005 -0.010 -0.033 
22 0.037 0.023 0.018 0.023 0.023 0.029 0.033 0.011 0.005 0.013 0.011 0.015 0.002 -0.012 -0.007 -0.032 
33 0.037 0.036 0.041 0.041 0.040 0.041 0.061 0.045 0.046 0.044 0.044 0.043 0.042 0.036 0.033 0.021 
43 0.037 0.041 0.044 0.048 0.045 0.042 0.052 0.035 0.037 0.035 0.038 0.033 0.035 0.020 0.015 -0.007 
53 0.037 0.044 0.078 0.079 0.081 0.086 0.093 0.077 0.072 0.078 0.079 0.084 0.073 0.063 0.071 0.047 
64 0.037 0.063 0.069 0.079 0.088 0.115 0.131 0.133 0.137 0.156 0.169 0.193 0.208 0.225 0.262 0.266 
68 0.037 0.126 0.220 0.346 0.533 0.773 1.379 2.294 3.287 4.141 4.944 6.216 7.136 7.734 8.153 8.494 
75 0.037 3.418 7.242 8.954 9.625 9.882 10.006 10.026 10.040 10.044 10.050 10.045 10.046 10.034 10.030 10.008 
84 0.037 10.039 10.106 10.120 10.112 10.128 10.180 10.139 10.109 10.124 10.121 10.122 10.057 10.045 10.050 10.021 
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Table B.18.  Data from Figure 5.6. 
 Time (weeks) 
 
0 1 2 3 4 5 6 7 8 9 10 12 14 16 18 20 
 Caking category 
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
22 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
33 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
43 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
53 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
64 1 1 1-2 1-2 1-2 1-2 2 2 2 2 2 2 2 2 2 2 
68 1 1-2 2 2-3 3 3-4 3-4 3-4 3-4 3-4 3-4 3-4 3-4 3-4 3-4 4 
75 1 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 
84 1 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 
 Composition (as detected by XRPD) 
0 α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
11 α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
22 α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
33 α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
43 α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
53 α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
64 
α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
α-AG, 
GM 
68 
α-AG 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
75 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
GM GM GM GM GM GM GM GM GM GM 
84 GM GM GM GM GM GM GM GM GM GM GM GM GM GM GM GM 
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Table B.19.  Data from Figure 5.8 (fine α-AG particle samples). 
Water 
Activity 
Moisture 
content (% db) 
0.210 0.020 
0.469 -0.022 
0.591 0.062 
0.660 0.145 
0.699 0.145 
0.722 0.312 
0.734 0.312 
0.745 0.396 
0.753 0.479 
0.759 0.729 
0.763 1.105 
0.777 1.898 
0.814 2.565 
0.823 2.816 
0.833 3.191 
0.843 3.650 
0.849 4.234 
0.853 5.486 
0.849 8.282 
0.886 18.922 
0.895 22.094 
0.898 26.266 
0.898 32.692 
0.897 39.202 
0.897 45.962 
0.896 53.055 
0.897 60.232 
0.897 67.910 
0.898 75.797 
0.898 82.765 
0.899 89.483 
0.900 95.575 
0.902 101.334 
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Table B.20.  Data from Figure 5.8 (medium α-AG particle samples). 
Water 
Activity 
Moisture 
content (% db) 
0.545 0.020004 
0.701 0.055931 
0.744 0.199638 
0.757 0.307418 
0.762 0.307418 
0.766 0.522978 
0.779 0.846319 
0.813 1.349293 
0.825 1.493 
0.834 1.744487 
0.844 1.960047 
0.85 2.175608 
0.858 2.750435 
0.861 3.46897 
0.857 5.588646 
0.891 13.49253 
0.899 16.33074 
0.903 20.35453 
0.901 25.31242 
0.902 30.44994 
0.901 36.37785 
0.899 42.05427 
0.898 47.08401 
0.898 52.36524 
0.897 57.79018 
0.897 63.39475 
0.897 69.14302 
0.897 74.96315 
0.897 80.81921 
0.898 86.53156 
0.9 91.99242 
0.902 97.27365 
0.904 102.3752 
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Table B.21.  Data from Figure 5.8 (large α-AG particle samples). 
Water 
Activity 
Moisture 
content (% db) 
0.633 0.020004 
0.734 0.040567 
0.753 0.040567 
0.76 0.122821 
0.766 0.205074 
0.768 0.307891 
0.795 0.73972 
0.818 1.007044 
0.831 1.130423 
0.838 1.274367 
0.849 1.500563 
0.855 1.767886 
0.862 2.179153 
0.859 2.960559 
0.878 6.374071 
0.881 8.574346 
0.896 12.27574 
0.905 14.9901 
0.905 17.51939 
0.904 20.29544 
0.902 23.19487 
0.902 26.2588 
0.9 29.46668 
0.9 32.90076 
0.899 36.29371 
0.898 40.05679 
0.898 43.79932 
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Table B.22.  Data from Figure 5.9 (Moisture [% db] content of fine, medium, and large α-AG particle samples). 
 Time (weeks) 
% RH 0 1 2 3 4 5 6 7 8 9 10 15 20 
Fine 
53 0.030 0.017 0.043 0.023 0.035 0.026 0.026 0.024 0.030 0.016 0.022 0.034 0.011 
64 0.030 0.047 0.073 0.067 0.085 0.088 0.099 0.112 0.124 0.132 0.146 0.207 0.233 
68 0.030 0.063 0.153 0.222 0.346 0.536 0.820 1.301 1.793 2.603 3.765 8.507 9.603 
75 0.030 1.671 6.624 9.527 10.033 10.090 10.094 10.097 10.102 10.099 10.095 10.104 10.077 
84 0.030 10.081 10.137 10.129 10.157 10.189 10.158 10.196 10.167 10.162 10.142 10.152 10.106 
Medium 
53 0.010 -0.007 0.022 0.006 0.018 0.011 0.015 0.010 0.019 0.009 0.010 0.014 0.004 
64 0.010 0.018 0.053 0.034 0.074 0.077 0.093 0.104 0.122 0.131 0.142 0.193 0.227 
68 0.010 0.038 0.104 0.160 0.271 0.448 0.736 1.376 2.053 2.993 3.984 7.088 8.473 
75 0.010 1.384 5.213 7.910 9.402 9.989 10.060 10.075 10.082 10.080 10.079 10.080 10.060 
84 0.010 8.898 10.135 10.144 10.153 10.201 10.171 10.191 10.174 10.169 10.155 10.160 10.124 
Large 
53 0.010 0.006 0.033 0.012 0.035 0.026 0.033 0.023 0.037 0.028 0.032 0.031 0.025 
64 0.010 0.028 0.059 0.041 0.069 0.073 0.086 0.090 0.116 0.120 0.134 0.164 0.181 
68 0.010 0.019 0.085 0.128 0.232 0.417 0.699 1.267 1.836 2.562 3.299 5.779 7.263 
75 0.010 1.432 4.418 6.666 8.332 9.520 9.898 10.038 10.072 10.079 10.081 10.084 10.072 
84 0.010 7.709 10.136 10.124 10.131 10.170 10.150 10.149 10.152 10.155 10.147 10.142 10.122 
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Table B.23.  Data from Figure 5.12. 
 Time (weeks) 
 
0 1 2 3 4 5 6 7 8 9 10 15 20 
Caking Category 
53% RH 1 1-2 2 1 1-2 1-2 1-2 1 1 1 1 1 1 
64% RH 1 2-3 2-3 2-3 3 3 3 3 3 3 3 3 3 
68% RH 1 5 4-5 4-5 4 4 4 4-5 4-5 4-5 4-5 4-5 4-5 
75% RH 1 5 5 5 5 5 5 5 5 5 5 5 5 
84% RH 1 5 5 5 5 5 5 5 5 5 5 5 5 
Composition (as detected by XRPD) 
53% RH α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
64% RH α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
68% RH 
α-AG α-AG α-AG α-AG α-AG 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
75% RH 
α-AG 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
GM      GM GM GM 
84% RH α-AG GM         GM GM GM 
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Table B.24.  Data from Figure 5.13. 
 Time (weeks) 
 
0 1 2 3 4 5 6 7 8 9 10 15 20 
Caking Category 
53% RH 1 1 1 1 1 1 1 1 1 1 1 1 1 
64% RH 1 1-2 1-2 1-2 1 1 1 1 1 1 1 1-2 2 
68% RH 1 2-3 2-3 2-3 3 3 3 3 3 3 3 3 3 
75% RH 1 5 5 5 5 5 5 5 5 5 5 5 5 
84% RH 1 5 5 5 5 5 5 5 5 5 5 5 5 
Composition (as detected by XRPD) 
53% RH α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
64% RH α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
68% RH 
α-AG α-AG α-AG α-AG α-AG 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
75% RH 
α-AG 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
GM     GM GM GM 
84% RH 
α-AG 
α-AG, 
GM 
GM        GM GM GM 
 
  
 219 
 
Table B.25.  Data from Figure 5.14. 
 Time (weeks) 
 
0 1 2 3 4 5 6 7 8 9 10 15 20 
Caking Category 
53% RH 1 1 1 1 1 1 1 1 1 1 1 1 1 
64% RH 1 1 1 1 1 1 1 1 1 1 1 1 1 
68% RH 1 1-2 2 2 2 2 2 2 2 2 2 2 2 
75% RH 1 5 5 5 5 5 5 5 5 5 5 5 5 
84% RH 1 5 5 5 5 5 5 5 5 5 5 5 5 
Composition (as detected by XRPD) 
53% RH α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
64% RH α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG α-AG 
68% RH 
α-AG α-AG α-AG α-AG α-AG 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
75% RH 
α-AG 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
α-AG, 
GM 
GM GM GM GM GM 
84% RH 
α-AG 
α-AG, 
GM 
GM        GM GM GM 
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Table B.26.  Data from Figure 6.3 (lattice constants for GM). 
2° d(Å) h k l 
9.1948 9.6100 1 0 0 
12.7449 6.9400 -1 0 1 
14.4850 6.1100 1 0 1 
18.3916 4.8200 2 0 0 
19.7564 4.4900 -2 0 1 
20.2111 4.3900 0 0 2 
21.6574 4.1000 -1 1 1 
22.7707 3.9020 1 1 1 
23.3779 3.8020 1 0 2 
25.4570 3.4960 2 1 0 
26.5300 3.3570 -2 1 1 
26.8806 3.3140 0 1 2 
27.5759 3.2320 -1 1 2 
28.2902 3.1520 2 1 1 
29.3061 3.0450 1 1 2 
30.7742 2.9030 -1 0 3 
31.1704 2.8670 -2 1 2 
32.2673 2.7720 -3 0 2 
33.3684 2.6830 -3 1 1 
33.7701 2.6520 -2 0 3 
35.3645 2.5360 0 1 3 
35.5674 2.5220 -1 1 3 
36.5719 2.4550 1 2 0 
36.7735 2.4420 0 2 1 
36.9145 2.4430 -3 1 2 
37.6687 2.3860 1 1 3 
39.9657 2.2540 4 0 1 
40.1702 2.2430 -4 0 2 
41.3636 2.1810 4 1 0 
42.1522 2.1420 2 1 3 
44.1182 2.0510 -4 1 2 
44.9726 2.0140 0 1 4 
45.1619 2.0060 4 0 2 
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Table B.27.  Data from Figure 6.3 (lattice constants for β-AG). 
 d(Å) h k l 
11.8214 7.4800 1 1 0 
16.3469 5.4180 1 0 1 
16.8965 5.2430 1 2 0 
17.7743 4.9860 1 1 1 
19.1952 4.6200 0 2 1 
20.4322 4.3430 2 1 0 
21.5140 4.1270 1 2 1 
23.0097 3.8620 1 3 0 
23.3904 3.8000 2 0 1 
23.7711 3.7400 2 2 0 
24.4273 3.6410 2 1 1 
26.6269 3.3450 0 0 2 
26.6269 3.3450 1 3 1 
27.5498 3.2350 0 1 2 
27.9642 3.1880 0 4 0 
28.3545 3.1450 1 0 2 
28.5211 3.1270 2 3 0 
29.2276 3.0530 1 1 2 
29.6245 3.0130 1 4 0 
29.8372 2.9920 3 1 0 
30.1465 2.9620 0 2 2 
31.0593 2.8770 0 4 1 
31.5542 2.8330 2 3 1 
31.7035 2.8200 1 2 2 
31.9711 2.7970 3 0 1 
32.2673 2.7720 3 2 0 
32.5691 2.7470 1 4 1 
32.7529 2.7320 3 1 1 
33.0389 2.7090 2 0 2 
33.7963 2.6500 2 1 2 
34.0879 2.6280 0 3 2 
34.1549 2.6230 2 4 0 
35.0081 2.5610 3 2 1 
35.4802 2.5280 1 3 2 
35.9920 2.4930 2 2 2 
35.9920 2.4930 3 3 0 
36.7735 2.4420 2 4 1 
37.7179 2.3830 0 5 1 
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Table B.27.  Continued.  
 d(Å) h k l 
38.5064 2.3360 3 3 1 
38.9923 2.3080 0 4 2 
38.9923 2.3080 4 0 0 
39.4189 2.2840 2 3 2 
39.6358 2.2720 4 1 0 
39.7634 2.2650 3 0 2 
40.3956 2.2310 2 5 0 
40.3956 2.2310 3 1 2 
40.7195 2.2140 3 4 0 
41.3437 2.1820 4 0 1 
41.5629 2.1710 4 2 0 
41.6432 2.1670 1 0 3 
41.9675 2.1510 4 1 1 
42.2763 2.1360 1 1 3 
42.2763 2.1360 3 2 2 
42.5057 2.1250 0 6 0 
42.6742 2.1170 2 5 1 
42.9295 2.1050 0 2 3 
42.9938 2.1020 3 4 1 
43.6702 2.0710 1 6 0 
43.8036 2.0650 2 4 2 
43.8036 2.0650 4 2 1 
44.0956 2.0520 1 2 3 
44.6222 2.0290 0 5 2 
4.6222 2.0290 4 3 0 
44.6918 2.0260 0 6 1 
45.3288 1.9990 3 3 2 
45.7639 1.9810 1 5 2 
45.8373 1.9780 1 6 1 
45.9109 1.9750 0 3 3 
46.1829 1.9640 3 5 0 
46.7624 1.9410 4 3 1 
47.0295 1.9306 1 3 3 
47.0295 1.9360 2 6 0 
47.4307 1.9152 2 2 3 
47.8310 1.9001 4 0 2 
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Table B.28.  Data from Figure 6.3 (lattice constants for α-AG). 
2° d(Å) h k l 
10.3987 8.5000 1 1 0 
11.9174 7.4200 0 2 0 
14.6537 6.0400 1 2 0 
17.1002 5.1810 2 0 0 
18.1112 4.8940 2 1 0 
18.7687 4.7240 0 1 1 
19.7695 4.4870 1 0 1 
20.6485 4.2980 1 1 1 
20.8793 4.2510 2 2 0 
23.1373 3.8410 1 2 1 
23.9727 3.7090 0 4 0 
24.7797 3.5900 2 0 1 
25.4793 3.4930 2 1 1 
26.4577 3.3660 3 1 0 
26.7818 3.3260 1 3 1 
27.5585 3.2340 2 2 1 
28.4746 3.1320 3 2 0 
29.5743 3.0180 2 4 0 
29.9911 2.9770 0 4 1 
30.7308 2.9070 2 3 1 
31.2935 2.8560 1 5 0 
31.5542 2.8330 3 3 0 
32.0653 2.7890 3 1 1 
33.7832 2.6510 3 2 1 
34.6037 2.5900 4 0 0 
34.7282 2.5810 2 4 1 
35.1498 2.5510 0 5 1 
35.4512 2.5300 3 4 0 
36.0550 2.4890 0 0 2 
36.2357 2.4770 1 5 1 
36.5719 2.4550 0 1 2 
36.6647 2.4490 4 2 0 
37.0724 2.4230 1 0 2 
37.3118 2.4080 1 6 0 
37.6033 2.3900 1 1 2 
38.0661 2.3620 0 2 2 
39.2222 2.2950 4 3 0 
39.6176 2.2730 4 1 1 
39.9473 2.2550 3 4 1 
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Table B.28. Continued. 
2° d(Å) h k l 
40.3579 2.2330 2 6 0 
40.6619 2.2170 0 6 1 
41.0682 2.1960 4 2 1 
41.6231 2.1680 1 6 1 
41.9879 2.1500 2 2 2 
42.5057 2.1250 4 4 0 
43.3620 2.0850 4 3 1 
43.4716 2.0800 1 7 0 
44.0730 2.0530 3 5 1 
45.2571 2.0020 3 1 2 
46.2078 1.9630 2 7 0 
46.4582 1.9530 4 5 0 
47.3572 1.9180 1 7 1 
47.4623 1.9140 5 0 1 
47.8605 1.8990 5 1 1 
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Table B.29.  Data from Figure 6.4. 
%RH 
Time (weeks) 
0 1 2 3 4 5 6 7 8 9 10 12 14 16 18 20 
Moisture content (% db) 
0 9.290 9.153 8.452 7.584 7.037 6.639 6.256 5.862 5.406 5.044 4.646 4.053 3.413 2.998 2.369 1.887 
11 9.290 9.242 9.186 9.113 9.037 8.959 8.858 8.739 8.652 8.606 8.549 8.459 8.352 8.234 8.085 7.962 
22 9.290 9.281 9.267 9.280 9.270 9.281 9.278 9.260 9.243 9.263 9.263 9.257 9.237 9.226 9.225 9.199 
33 9.290 9.286 9.286 9.293 9.285 9.289 9.301 9.259 9.249 9.252 9.251 9.242 9.237 9.226 9.216 9.201 
43 9.290 9.308 9.307 9.318 9.313 9.314 9.331 9.306 9.301 9.307 9.306 9.313 9.301 9.294 9.288 9.263 
53 9.290 9.346 9.354 9.385 9.381 9.421 9.445 9.434 9.422 9.454 9.469 9.469 9.462 9.462 9.477 9.456 
64 9.290 9.564 9.652 9.709 9.705 9.718 9.724 9.700 9.675 9.708 9.716 9.701 9.670 9.661 9.662 9.633 
68 9.290 9.741 9.741 9.754 9.738 9.752 9.754 9.749 9.719 9.750 9.748 9.729 9.705 9.693 9.688 9.670 
75 9.290 9.834 9.834 9.846 9.824 9.832 9.850 9.821 9.800 9.827 9.802 9.769 9.753 9.752 9.752 9.725 
84 9.290 10.216 10.201 10.199 10.153 10.170 10.208 10.189 10.169 10.130 10.147 10.118 10.052 10.071 10.050 10.038 
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Table B.30.  Data from Figure 6.6. 
 Time (weeks) 
 
0 1 2 3 4 5 6 7 8 9 10 12 14 16 18 20 
 Caking category 
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
22 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
33 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
43 1 1 1 1 1 1 1 1 1 1 1 1-2 1-2 2 2-3 2 
53 1 1 1 1 1 1 1 1 2 1-2 1-2 2 2-3 2-3 2-3 3 
64 1 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 
68 1 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 
75 1 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 
84 1 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 
 Composition (as detected by XRPD, β for β-AG and α for α-AG) 
0 
GM, β GM, β 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
11 
GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
GM, 
β, α 
22 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β 
33 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β 
43 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β 
53 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM 
64 GM, β GM, β GM, β GM, β GM GM GM GM GM GM GM GM GM GM GM GM 
68 GM, β GM GM GM GM GM GM GM GM GM GM GM GM GM GM GM 
75 GM, β GM GM GM GM GM GM GM GM GM GM GM GM GM GM GM 
84 GM, β GM GM GM GM GM GM GM GM GM GM GM GM GM GM GM 
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Table B.31.  Data from Figure 6.10 (fine GM particle sample) 
Water 
activity 
Moisture 
content (% db) 
0.184 9.290 
0.425 9.290 
0.630 9.422 
0.562 9.467 
0.666 9.644 
0.691 9.732 
0.707 9.732 
0.719 9.865 
0.730 9.998 
0.743 10.131 
0.751 10.263 
0.762 10.485 
0.768 10.750 
0.777 11.282 
0.793 11.946 
0.818 12.432 
0.832 12.787 
0.844 13.185 
0.853 13.273 
0.866 13.583 
0.875 13.893 
0.883 14.380 
0.892 14.867 
0.900 15.619 
0.906 16.815 
0.907 19.338 
0.904 24.561 
0.903 30.360 
0.903 36.822 
0.901 43.772 
0.901 50.810 
0.901 58.025 
0.901 65.240 
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Table B.32.  Data from Figure 6.10 (medium GM particle sample) 
Water 
activity 
Moisture content 
(% db) 
0.520 9.135 
0.657 9.197 
0.703 9.322 
0.724 9.353 
0.737 9.416 
0.746 9.353 
0.758 9.509 
0.763 9.572 
0.772 9.915 
0.780 10.196 
0.793 10.727 
0.817 11.258 
0.832 11.601 
0.845 11.882 
0.854 12.163 
0.866 12.507 
0.877 12.882 
0.885 13.194 
0.893 13.818 
0.900 14.630 
0.907 15.911 
0.908 17.472 
0.908 21.157 
0.905 25.372 
0.903 29.681 
0.902 34.490 
0.901 39.330 
0.901 44.201 
0.900 49.385 
0.899 54.412 
0.899 59.627 
0.900 65.029 
0.900 70.712 
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Table B.33.  Data from Figure 6.10 (large GM particle sample) 
Water 
activity 
Moisture 
content (% db) 
0.498 9.290 
0.648 9.320 
0.700 9.320 
0.723 9.443 
0.747 9.535 
0.736 9.566 
0.757 9.658 
0.765 9.842 
0.771 10.118 
0.780 10.456 
0.792 10.946 
0.817 11.437 
0.834 11.775 
0.845 11.990 
0.855 12.266 
0.866 12.665 
0.876 12.941 
0.884 13.370 
0.893 13.923 
0.900 14.628 
0.905 15.794 
0.907 17.881 
0.905 22.268 
0.903 26.380 
0.902 31.135 
0.902 36.044 
0.901 41.076 
0.900 46.047 
0.900 51.140 
0.900 56.264 
0.900 61.449 
0.899 66.481 
0.900 71.574 
0.900 76.698 
0.900 81.761 
0.901 86.670 
0.902 91.671 
0.902 96.427 
 230 
 
Table B.33.  Continued. 
Water 
activity 
Moisture 
content (% db) 
0.905 101.152 
0.907 105.662 
0.910 109.866 
0.914 113.824 
0.917 117.475 
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Table B.34.  Data from Figure 6.11 (Moisture [% db] content of fine, medium, and large GM particle samples). 
 Time (weeks) 
% RH 0 1 2 3 4 5 6 7 8 9 10 15 20 
Fine 
0 9.27 8.92 7.82 6.87 5.99 5.45 5.05 4.63 4.39 4.32 4.31 4.35 4.37 
11 9.27 9.16 8.81 8.41 8.04 7.66 7.09 6.75 6.54 6.33 6.16 5.69 5.28 
22 9.27 9.22 9.20 9.19 9.21 9.21 9.26 9.23 9.20 9.23 9.23 9.29 9.23 
33 9.27 9.28 9.27 9.27 9.28 9.28 9.33 9.31 9.29 9.31 9.31 9.36 9.34 
43 9.27 9.30 9.30 9.30 9.30 9.30 9.37 9.34 9.34 9.36 9.36 9.42 9.41 
53 9.27 9.35 9.36 9.37 9.37 9.39 9.44 9.44 9.44 9.48 9.49 9.56 9.60 
64 9.27 9.48 9.60 9.65 9.66 9.66 9.72 9.71 9.69 9.73 9.73 9.73 9.77 
68 9.27 9.60 9.67 9.68 9.68 9.68 9.75 9.72 9.71 9.75 9.74 9.77 9.78 
75 9.27 9.84 9.81 9.83 9.83 9.86 9.82 9.94 9.95 9.90 9.96 10.00 10.00 
84 9.27 10.11 9.89 9.96 10.03 9.97 9.93 10.18 10.05 10.06 10.10 10.26 10.28 
Medium 
0 9.15 8.69 5.49 3.25 2.26 1.87 1.61 1.43 1.29 1.28 1.29 1.25 1.08 
11 9.15 9.03 8.62 7.91 7.08 6.07 4.57 3.86 3.53 3.14 2.89 2.11 1.57 
22 9.15 9.13 9.11 9.12 9.12 9.14 9.18 9.16 9.13 9.16 9.17 9.21 9.19 
33 9.15 9.16 9.15 9.15 9.15 9.15 9.21 9.18 9.17 9.19 9.19 9.23 9.23 
43 9.15 9.18 9.20 9.20 9.19 9.19 9.25 9.22 9.22 9.24 9.24 9.29 9.28 
53 9.15 9.23 9.24 9.25 9.25 9.25 9.33 9.31 9.31 9.34 9.36 9.42 9.43 
64 9.15 9.32 9.41 9.45 9.46 9.45 9.52 9.51 9.48 9.53 9.53 9.56 9.62 
68 9.15 9.46 9.53 9.55 9.54 9.55 9.63 9.62 9.59 9.65 9.64 9.69 9.69 
75 9.15 9.66 9.65 9.66 9.66 9.66 9.67 9.75 9.76 9.70 9.76 9.79 9.80 
84 9.15 9.82 9.77 9.79 9.72 9.84 9.83 10.06 9.89 9.91 9.94 10.00 10.04 
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Table B.34.  Continued. 
 Time (weeks) 
% RH 0 1 2 3 4 5 6 7 8 9 10 15 20 
Large 
0 9.13 8.60 4.24 1.24 0.51 0.35 0.29 0.30 0.23 0.25 0.26 0.15 0.15 
11 9.13 9.09 9.06 8.98 8.84 8.64 8.24 7.88 7.62 7.30 6.45 5.74 4.26 
22 9.13 9.08 9.07 9.08 9.07 9.08 9.16 9.12 9.10 9.13 9.12 9.17 9.14 
33 9.13 9.25 9.30 9.17 9.11 9.09 9.17 9.16 9.14 9.21 9.20 9.27 9.28 
43 9.13 9.17 9.17 9.16 9.16 9.16 9.26 9.21 9.20 9.23 9.23 9.26 9.25 
53 9.13 9.23 9.23 9.25 9.25 9.25 9.35 9.32 9.32 9.37 9.39 9.45 9.49 
64 9.13 9.35 9.44 9.49 9.50 9.50 9.60 9.57 9.55 9.59 9.59 9.64 9.63 
68 9.13 9.48 9.52 9.53 9.53 9.53 9.63 9.61 9.58 9.65 9.65 9.70 9.72 
75 9.13 9.68 9.66 9.68 9.67 9.67 9.68 9.76 9.79 9.70 9.78 9.78 9.81 
84 9.13 9.79 9.74 9.73 9.78 9.76 9.75 9.97 9.81 9.83 9.88 9.95 10.01 
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Table B.35.  Data from Figure 6.15. 
 Time (weeks) 
% RH 0 1 2 3 4 5 6 7 8 9 10 15 20 
Caking category 
0 1 1 1 1 1 1 1 1 1 1 1 1 1 
11 1 1 1 1 1 1 1 1 1 1 1 1 1 
22 1 1 1 1 1 1 1 1 1 1 1 1 1 
33 1 1 1 1 1 1 1 1 1 1 1 1 1 
43 1 2 2 2 2 2 2 2 2 2 2 1-2 1 
53 1 2 2 2 3 3 3 3 3 3 3 2-3 3 
64 1 5 5 5 5 5 5 5 5 5 5 5 5 
68 1 5 5 5 5 5 5 5 5 5 5 5 5 
75 1 5 5 5 5 5 5 5 5 5 5 5 5 
84 1 5 5 5 5 5 5 5 5 5 5 5 5 
Composition as detected by XRPD (α for α-AG and β for β-AG) 
0 GM, β 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
11 GM, β GM, β GM, β 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
22 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β 
33 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β 
43 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β 
53 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β  GM, β GM, β GM 
64 GM, β GM, β GM, β GM GM, β GM GM GM   GM GM GM 
68 GM, β GM GM        GM GM GM 
75 GM, β GM GM GM       GM  GM 
84 GM, β GM GM GM       GM  GM 
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Table B.36.  Data from Figure 6.16. 
 Time (weeks) 
% RH 0 1 2 3 4 5 6 7 8 9 10 15 20 
Caking category 
0 1 1 1 1 1 1 1 1 1 1 1 1 1 
11 1 1 1 1 1 1 1 1 1 1 1 1 1 
22 1 1 1 1 1 1 1 1 1 1 1 1 1 
33 1 1 1 1 1 1 1 1 1 1 1 1 1 
43 1 1 1 1 1 1 1 1 1 1 1 1 1 
53 1 1 1 1 1 1 1 1 1 1 1 1 1 
64 1 1-2 1-2 1-2 1-2 2 2 2 2 2 2 1 1 
68 1 4 4 4 4 3-4 3-4 3-4 3-4 3-4 3-4 2-3 3 
75 1 5 5 5 5 5 5 5 5 5 5 5 5 
84 1 5 5 5 5 5 5 5 5 5 5 5 5 
Composition as detected by XRPD (α for α-AG and β for β-AG) 
0 GM, β 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
11 GM, β GM, β GM, β 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
22 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β 
33 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β 
43 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β 
53 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β  GM, β GM, β GM 
64 GM, β GM, β GM GM GM, β GM GM GM   GM GM GM 
68 GM, β GM GM        GM GM GM 
75 GM, β GM GM        GM  GM 
84 GM, β GM GM GM       GM  GM 
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Table B.37.  Data from Figure 6.17. 
 Time (weeks) 
% RH 0 1 2 3 4 5 6 7 8 9 10 15 20 
Caking category 
0 1 1 1 1 1 1 1 1 1 1 1 1 1 
11 1 1 1 1 1 1 1 1 1 1 1 1 1 
22 1 1 1 1 1 1 1 1 1 1 1 1 1 
33 1 1 1 1 1 1 1 1 1 1 1 1 1 
43 1 1 1 1 1 1 1 1 1 1 1 1 1 
53 1 1 1 1 1 1 1 1 1 1 1 1 1 
64 1 1-2 1 1 1 1 1 1 1 1 1 1 1 
68 1 2-3 1-2 1-2 1-2 1-2 1-2 1 1 1 1 1 1 
75 1 5 5 5 5 5 4-5 4-5 4 4 4 3-4 4 
84 1 5 5 5 5 5 5 5 5 5 5 5 5 
Composition as detected by XRPD (α for α-AG and β for β-AG) 
0 GM, β 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
11 GM, β GM, β GM, β 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
GM, β, 
α 
22 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β 
33 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β 
43 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β  GM, β GM, β GM, β 
53 GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β GM, β  GM, β GM GM 
64 GM, β GM GM, β GM, β GM, β GM GM GM   GM GM GM 
68 GM, β GM GM        GM GM GM 
75 GM, β GM GM GM       GM  GM 
84 GM, β GM GM GM       GM  GM 
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Table B.38.  Data from Figure 7.3 (lattice constants for α-AG). 
2° d(Å) h k l 
10.3987 8.5000 1 1 0 
11.9174 7.4200 0 2 0 
14.6537 6.0400 1 2 0 
17.1002 5.1810 2 0 0 
18.1112 4.8940 2 1 0 
18.7687 4.7240 0 1 1 
19.7695 4.4870 1 0 1 
20.6485 4.2980 1 1 1 
20.8793 4.2510 2 2 0 
23.1373 3.8410 1 2 1 
23.9727 3.7090 0 4 0 
24.7797 3.5900 2 0 1 
25.4793 3.4930 2 1 1 
26.4577 3.3660 3 1 0 
26.7818 3.3260 1 3 1 
27.5585 3.2340 2 2 1 
28.4746 3.1320 3 2 0 
29.5743 3.0180 2 4 0 
29.9911 2.9770 0 4 1 
30.7308 2.9070 2 3 1 
31.2935 2.8560 1 5 0 
31.5542 2.8330 3 3 0 
32.0653 2.7890 3 1 1 
33.7832 2.6510 3 2 1 
34.6037 2.5900 4 0 0 
34.7282 2.5810 2 4 1 
35.1498 2.5510 0 5 1 
35.4512 2.5300 3 4 0 
36.0550 2.4890 0 0 2 
36.2357 2.4770 1 5 1 
36.5719 2.4550 0 1 2 
36.6647 2.4490 4 2 0 
37.0724 2.4230 1 0 2 
37.3118 2.4080 1 6 0 
37.6033 2.3900 1 1 2 
38.0661 2.3620 0 2 2 
39.2222 2.2950 4 3 0 
39.6176 2.2730 4 1 1 
39.9473 2.2550 3 4 1 
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Table B.38. Continued. 
2° d(Å) h k l 
40.3579 2.2330 2 6 0 
40.6619 2.2170 0 6 1 
41.0682 2.1960 4 2 1 
41.6231 2.1680 1 6 1 
41.9879 2.1500 2 2 2 
42.5057 2.1250 4 4 0 
43.3620 2.0850 4 3 1 
43.4716 2.0800 1 7 0 
44.0730 2.0530 3 5 1 
45.2571 2.0020 3 1 2 
46.2078 1.9630 2 7 0 
46.4582 1.9530 4 5 0 
47.3572 1.9180 1 7 1 
47.4623 1.9140 5 0 1 
47.8605 1.8990 5 1 1 
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Table B.39.  Data from Figure 7.3 (lattice constants for GM). 
2° d(Å) h k l 
9.1948 9.6100 1 0 0 
12.7449 6.9400 -1 0 1 
14.4850 6.1100 1 0 1 
18.3916 4.8200 2 0 0 
19.7564 4.4900 -2 0 1 
20.2111 4.3900 0 0 2 
21.6574 4.1000 -1 1 1 
22.7707 3.9020 1 1 1 
23.3779 3.8020 1 0 2 
25.4570 3.4960 2 1 0 
26.5300 3.3570 -2 1 1 
26.8806 3.3140 0 1 2 
27.5759 3.2320 -1 1 2 
28.2902 3.1520 2 1 1 
29.3061 3.0450 1 1 2 
30.7742 2.9030 -1 0 3 
31.1704 2.8670 -2 1 2 
32.2673 2.7720 -3 0 2 
33.3684 2.6830 -3 1 1 
33.7701 2.6520 -2 0 3 
35.3645 2.5360 0 1 3 
35.5674 2.5220 -1 1 3 
36.5719 2.4550 1 2 0 
36.7735 2.4420 0 2 1 
36.9145 2.4430 -3 1 2 
37.6687 2.3860 1 1 3 
39.9657 2.2540 4 0 1 
40.1702 2.2430 -4 0 2 
41.3636 2.1810 4 1 0 
42.1522 2.1420 2 1 3 
44.1182 2.0510 -4 1 2 
44.9726 2.0140 0 1 4 
45.1619 2.0060 4 0 2 
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Table B.40.  Data from Figure 7.3 (lattice constants for sucrose).  
2° d(Å) h k l 
8.3345 10.6 1 0 0 
11.6649 7.58 0 0 1 
12.7449 6.94 -1 0 1 
13.1443 6.73 1 1 0 
15.5002 5.712 0 1 1 
16.3287 5.424 -1 1 1 
16.7198 5.298 2 0 0 
18.1486 4.884 -2 0 1 
18.8412 4.706 1 1 1 
19.6109 4.523 2 1 0 
20.38 4.354 0 2 0 
20.8396 4.259 -2 1 1 
22.0493 4.028 1 2 0 
22.5308 3.943 2 0 1 
23.5412 3.776 0 2 1 
24.098 3.69 -1 2 1 
24.7727 3.591 2 1 1 
25.2005 3.531 3 0 0 
25.6736 3.467 -2 0 2 
25.9016 3.437 1 2 1 
26.4737 3.364 2 2 0 
27.2323 3.272 3 1 0 
27.3858 3.254 -2 2 1 
27.6632 3.222 -2 1 2 
28.6615 3.112 1 1 2 
30.2092 2.956 3 0 1 
30.5585 2.923 2 2 1 
31.0041 2.882 -1 2 2 
31.2935 2.856 0 2 2 
31.9477 2.799 3 1 1 
32.2076 2.777 -3 1 2 
32.6301 2.742 3 2 0 
33.0139 2.711 0 3 1 
33.4454 2.677 -1 3 1 
33.6525 2.661 2 1 2 
33.8226 2.648 4 0 0 
34.6589 2.586 -1 0 3 
34.8256 2.574 -4 1 1 
35.2354 2.545 2 3 0 
 240 
 
Table B.40. Continued. 
2° d(Å) h k l 
35.582 2.521 0 0 3 
35.8317 2.504 -2 0 3 
35.9505 2.496 -2 3 1 
36.2055 2.479 -1 1 3 
36.7424 2.444 3 2 1 
36.9617 2.43 -3 2 2 
37.3439 2.406 -2 1 3 
38.2849 2.349 -4 1 2 
38.455 2.339 2 3 1 
38.9221 2.312 -3 0 3 
39.2935 2.291 -4 2 1 
39.8919 2.258 1 1 3 
39.9842 2.253 3 1 2 
40.339 2.234 -3 1 3 
41.2055 2.189 1 3 2 
41.5629 2.171 -2 2 3 
42.3386 2.133 1 4 0 
43.0153 2.101 2 0 3 
43.2313 2.091 0 4 1 
43.5817 2.075 -4 0 3 
43.9154 2.06 1 2 3 
44.323 2.042 2 1 3 
44.6454 2.028 1 4 1 
44.9726 2.014 2 4 0 
45.3049 2 -5 1 2 
46.0094 1.971 4 0 2 
46.3828 1956 4 3 0 
46.7369 1.942 -5 2 1 
47.0708 1.929 5 0 1 
47.2005 1.924 -2 0 4 
47.727 1.904 0 3 3 
47.9678 1.895 -1 4 2 
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Table B.41.  Data from Figure 7.4 and 7.5. 
 Time (weeks) 
 0 1 2 3 4 5 6 7 8 9 10 
Moisture content (% db) 
0%RH 0.020 0.040 0.035 0.031 0.022 0.020 0.032 0.054 0.071 0.048 0.061 
11%RH 0.020 0.065 0.063 0.057 0.057 0.001 0.062 0.079 0.099 0.066 0.088 
22%RH 0.020 0.093 0.088 0.075 0.080 0.081 0.092 0.112 0.120 0.099 0.121 
33%RH 0.020 0.100 0.096 0.088 0.094 0.093 0.102 0.123 0.131 0.110 0.130 
43%RH 0.020 0.115 0.107 0.102 0.105 0.108 0.114 0.137 0.144 0.125 0.140 
53%RH 0.020 0.123 0.117 0.114 0.116 0.121 0.118 0.139 0.148 0.130 0.146 
64%RH 0.020 0.169 0.182 0.204 0.226 0.255 0.287 0.346 0.381 0.395 0.468 
68%RH 0.020 0.262 0.495 0.955 1.645 2.399 3.147 3.700 4.113 4.362 4.641 
75%RH 0.020 3.753 5.238 5.265 5.254 5.265 5.259 5.333 5.324 5.293 5.347 
84%RH 0.020 13.309 26.079 36.317 43.205 46.613 49.419 51.406 52.622 53.966 54.667 
Caking category (D for deliquescence) 
0%RH 1 1 1 1 1 1 1 1 1 1 1 
11%RH 1 1 1 1 1 1 1 1 1 1 1 
22%RH 1 1 1 1 1 1 1 1 1 1 1 
33%RH 1 1 1 1 1 1 1 1 1 1 1 
43%RH 1 1 1 1 1 1 1 1 1 1 1 
53%RH 1 1-2 2 2 2 2 2 2 2 2 2 
64%RH 1 5 5 5 5 5 5 5 5 5 5 
68%RH 1 5 5 5 5 5 5 5 5 5 5 
75%RH 1 5 5 5 5 5 5 5 5 5 5 
84%RH 1 5 D D D D D D D D D 
Composition as detected by XRPD (S for sucrose) 
0%RH α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S 
11%RH α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S 
22%RH α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S 
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Table B.41.  Continued. 
 Time (weeks) 
 0 1 2 3 4 5 6 7 8 9 10 
Composition as detected by XRPD (S for sucrose) 
33%RH α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S 
43%RH α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S 
53%RH α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S 
64%RH 
α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S α-AG, S, 
GM 
α-AG, S, 
GM 
α-AG, S, 
GM 
α-AG, S, 
GM 
α-AG, S, 
GM 
α-AG, S, 
GM 
68%RH 
α-AG, S α-AG, S α-AG, S α-AG, S, 
GM 
α-AG, S, 
GM 
α-AG, S, 
GM 
α-AG, S, 
GM 
α-AG, S, 
GM 
α-AG, S, 
GM 
α-AG, S, 
GM 
α-AG, S, 
GM 
75%RH 
α-AG, S α-AG, S α-AG, S, 
GM 
S, GM S, GM      S, GM 
84%RH α-AG, S  N/A N/A N/A N/A N/A N/A N/A N/A N/A 
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Table B.42.  Data from Figure 7.8 and 7.9. 
 Time (weeks) 
 0 1 2 3 4 5 6 7 8 9 10 
Moisture content (% db) 
0%RH 4.21 4.12 4.01 3.74 3.36 3.06 2.68 2.13 1.88 1.66 1.49 
11%RH 4.21 4.13 3.99 3.77 3.54 3.34 3.12 2.79 2.58 2.42 2.32 
22%RH 4.21 4.21 4.20 4.20 4.19 4.19 4.19 4.22 4.20 4.20 4.20 
33%RH 4.21 4.23 4.23 4.23 4.23 4.22 4.22 4.25 4.24 4.24 4.25 
43%RH 4.21 4.26 4.26 4.25 4.24 4.25 4.25 4.29 4.26 4.27 4.27 
53%RH 4.21 4.28 4.29 4.30 4.30 4.30 4.31 4.34 4.33 4.35 4.36 
64%RH 4.21 4.43 4.46 4.46 4.45 4.46 4.47 4.53 4.49 4.50 4.52 
68%RH 4.21 4.51 4.51 4.49 4.49 4.49 4.50 4.56 4.52 4.54 4.56 
75%RH 4.21 4.82 4.90 4.92 4.94 4.91 4.99 5.15 5.00 5.06 5.08 
84%RH 4.21 15.79 27.85 37.85 44.53 48.28 51.80 53.85 55.36 56.66 57.34 
Caking category (D for deliquescence) 
0%RH 1 1 1 1 1 1 1 1 1 1 1 
11%RH 1 1 1 1 1 1 1 1 1 1 1 
22%RH 1 1 1 1 1 1 1 1 1 1 1 
33%RH 1 1-2 1 1 1 1 1 1 1 1 1 
43%RH 1 2 2 2 2 2 2 2 2 2 2 
53%RH 1 2-3 2-3 3 2-3 2-3 2-3 2-3 3 3 3 
64%RH 1 5 5 5 5 5 5 5 5 5 5 
68%RH 1 5 5 5 5 5 5 5 5 5 5 
75%RH 1 5 5 5 5 5 5 5 5 5 5 
84%RH 1 D D D D D D D D D D 
Composition as detected by XRPD (S for sucrose and α for α-AG) 
0%RH GM, S GM, S GM, S, α GM, S, α GM, S, α GM, S, α GM, S, α GM, S, α GM, S, α GM, S, α GM, S, α 
11%RH GM, S GM, S GM, S GM, S GM, S, α GM, S, α GM, S, α GM, S, α GM, S, α GM, S, α GM, S, α 
22%RH GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S 
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Table B.42.  Continued. 
 Time (weeks) 
 0 1 2 3 4 5 6 7 8 9 10 
Composition as detected by XRPD (S for sucrose) 
33%RH GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S 
43%RH GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S 
53%RH GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S 
64%RH GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S 
68%RH GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S 
75%RH GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S GM, S  GM, S 
84%RH GM, S N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
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Table B.43.  Data for Figure A.3. 
Water activity 
Moisture content 
(% db) 
0.435 1.010 
0.546 1.010 
0.605 1.023 
0.641 1.048 
0.664 1.061 
0.68 1.073 
0.692 1.086 
0.700 1.111 
0.709 1.124 
0.715 1.174 
0.723 1.288 
0.726 1.465 
0.728 1.907 
0.730 3.549 
0.731 9.017 
0.732 15.142 
0.73 21.432 
0.737 27.481 
0.754 33.101 
0.775 37.282 
0.793 39.846 
0.811 41.652 
0.819 42.978 
0.830 44.721 
0.839 46.779 
0.844 48.749 
0.846 50.77 
0.846 52.664 
0.847 54.571 
0.848 56.554 
0.848 58.423 
0.848 60.381 
0.849 62.288 
0.849 64.132 
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Table B.44.  Data from Figures A.4 and A.5. Table B.41.   
 Time (weeks) 
 0 1 2 3 4 5 6 7 8 9 10 15 20 
Moisture content (% db) 
0%RH 0.070 -0.243 -0.237 -0.232 -0.259 -0.241 -0.286 -0.238 -0.240 -0.215 -0.237 -0.218 -0.204 
11%RH 0.070 -0.113 -0.105 -0.096 -0.131 -0.135 -0.176 -0.122 -0.124 -0.120 -0.137 -0.139 -0.177 
22%RH 0.070 -0.080 -0.085 -0.068 -0.115 -0.077 -0.134 -0.099 -0.107 -0.102 -0.123 -0.124 -0.155 
33%RH 0.070 -0.009 -0.018 -0.002 -0.040 -0.037 -0.065 -0.035 -0.022 -0.021 -0.039 -0.041 -0.067 
43%RH 0.070 -0.045 -0.059 -0.051 -0.110 -0.068 -0.123 -0.085 -0.100 -0.099 -0.112 -0.121 -0.136 
53%RH 0.070 -0.081 -0.103 -0.106 -0.157 -0.137 -0.175 -0.136 -0.144 -0.152 -0.160 -0.167 -0.183 
64%RH 0.070 -0.154 -0.167 -0.141 -0.186 -0.143 -0.204 -0.157 -0.172 -0.167 -0.168 -0.147 -0.092 
68%RH 0.070 -0.198 -0.201 -0.200 -0.218 -0.204 -0.235 -0.199 -0.194 -0.194 -0.202 -0.178 -0.166 
75%RH 0.070 1.231 1.887 2.273 2.551 2.841 3.095 3.394 3.607 3.811 3.996 4.973 5.589 
84%RH 0.070 10.085 9.858 9.937 9.849 9.856 9.837 9.879 9.884 9.919 9.904 9.924 9.907 
Caking category 
0%RH 3 3 3 3 3 3 3 3 3 3 3 3 3 
11%RH 3 3 3 3 3 3 3 3 3 3 3 3 3 
22%RH 3 3 3 3 3 3 3 3 3 3 3 3 3 
33%RH 3 3 3 3 3 3 3 3 3 3 3 3 3 
43%RH 3 3 3 3 3 3 3 3 3 3 3 3 3 
53%RH 3 3 3 3 3 3 3 3 3 3 3 3 3 
64%RH 3 3 3 3 3 3 3 3 3 3 3 3 3 
68%RH 5 4-5 4-5 5 5 5 5 3-5 3-5 3-5 5 5 5 
75%RH 5 5 5 5 5 5 5 5 5 5 5 5 5 
84%RH 2 2 2 2 2 2 2 2 2 2 2 2 2 
Composition as detected by XRPD 
0%RH β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG  β-AG β-AG β-AG β-AG 
11%RH β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG  β-AG β-AG β-AG β-AG 
22%RH β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG  β-AG β-AG β-AG β-AG 
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Table B.44.  Continued. 
 Time (weeks) 
 0 1 2 3 4 5 6 7 8 9 10 15 20 
Composition as detected by XRPD 
33%RH β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG  β-AG β-AG β-AG β-AG 
43%RH β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG 
53%RH β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG 
64%RH β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG 
68%RH β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG β-AG 
75%RH β-AG 
β-AG, 
GM 
β-AG, 
GM 
β-AG, 
GM 
β-AG, 
GM 
β-AG, 
GM 
β-AG, 
GM 
β-AG, 
GM 
β-AG, 
GM 
β-AG, 
GM 
β-AG, 
GM 
β-AG, 
GM 
β-AG, 
GM 
84%RH β-AG GM         GM GM GM 
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Appendix C: Material specification sheets 
Figure C.1.  Material specification sheet for α-anhydrous glucose.
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Figure C.1.  Continued.  
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Figure C.1.  Continued.  
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Figure C.1.  Continued.  
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Figure C.1.  Continued.  
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Figure C.2.  Material specification sheet for glucose monohydrate.
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Figure C.2.  Continued.
Figure  
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Figure C.2.  Continued.
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Figure C.2.  Continued.
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Figure C.2.  Continued.
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Figure C.3.  Material specification sheet for β-anhydrous glucose. 
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Figure C.3.  Continued.
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Figure C.3.  Continued.
 
 
